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The evolution of plants transformed the Earth’s surface, atmosphere and climate and enabled 
the colonisation of new habitats, promoting the diversity of other lineages spanning the tree of 
life. The evolutionary history of plants has been marked by major transitions such as 
multicellularity, terrestrialisation and the origin of stomata, roots and seeds. These events have 
been accompanied by the gain, loss, expansion and contraction of gene families. Genome 
sequencing has increased the potential insights from evolutionary analyses which includes 
comparative genomics, gene family evolution and trait evolution. The overall aim of the 
research presented in this thesis is to improve our understanding of genes involved in the 
major transitions in plant evolution, by analysing plant genome data. First, I examine the broad 
scale evolution of genes across the plant tree of life, identifying two bursts of gene novelty that 
accompanied the origin of land plants. Second, I identify the modes of genome evolution 
underpinning the evolution of water relations in land plants, through the morphological 
innovations of stomata, vascular tissue and roots. Third, I report the spread and evolution of 
drought tolerance across the plant phylogeny, a key stressor accompanying plant 
terrestrialisation. This leads to the discovery that the first land plants and vascular plants were 
desiccation and drought tolerant respectively. Finally, I detail an evolutionary approach for 
identifying uncharacterised drought tolerance genes, through incorporating trait evolution into 
a comparative genomics framework. Preliminary experimental analysis aims to provide 
support for this novel technique. This work, on the common theme of plant evolution, advances 
research into gene innovation and diversification as well as detailing a novel method to identify 
uncharacterised drought tolerance genes. Ultimately, the research presented in this thesis 
contributes to our understanding of the major transitions of plants via insights gained from the 
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For the first four billion years of life on Earth, the terrestrial surface would have been an 
inhospitable environment to inhabit with only bacteria and a few fungi able to survive in these 
relatively harsh conditions (Horodyski et al., 1994; Betts et al., 2018). However, around 500 
million years ago, the first plants moved from aquatic environments onto land (Morris et al., 
2018), and, following this, an immense diversity of plant life evolved. Indeed, studies have 
estimated that the total number of extant plants could easily exceed 450,000 species (Pimm 
et al., 2014, 2015). This evolutionary journey has seen multiple adaptations arise in the first 
plants that colonised land, the independent evolution of trees and finally the evolution of seeds 
and flowers (Leebens-Mack et al., 2019). The diversification of plants has changed the Earth’s 
atmosphere, climate and biogeochemical cycles (Lenton et al., 2016) and has also promoted 
the evolution of a huge diversity of fungal and animal species (Lutzoni et al., 2018; Li et al., 
2019).  
At the core of this thesis, linking all research chapters, is the evolution of plants and the plant 
phylogeny. The current framework of plant evolutionary history forms the foundation of all 
analyses described in this thesis (Figure 1.1). Therefore, it is important to understand the 
current depth of knowledge of the evolutionary history of plants, the limits of this knowledge 
and areas of ambiguity and contention surrounding plant evolution. The major plant groups as 
well as their evolutionary relationships and defining characteristics are discussed briefly 
below.  
1.2 The evolutionary history of plants 
1.2.1 Archaeplastida 
Eukaryotes are divided into six supergroups with all plant species placed in the Archaeplastida 
(Burki et al., 2020). Archaeplastida (kingdom Plantae sensu lato) is a group of plants that 
consist of red algae (Rhodophyta), Glaucophyta and green plants (Viridiplantae) (Figure 1.1). 
The oldest fossil evidence of a member of the Archaeplastida is the red algae, Bangiomorpha 
pubescens, dated at approximately one billion years old 
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Figure 1.1. The evolutionary history of plants. Coloured branches in the tree corresponds to the group names on the right side of the figure. Arrowheads 
highlight important diversification events and the biological innovations associated with these events. Timing of diversification events is denoted by the numbers 






(Butterfield, 2000; Gibson et al., 2018). Over one billion years ago, the common ancestor of 
Archaeplastida acquired a plastid via the endosymbiosis of a cyanobacterium (Rodríguez-
Ezpeleta et al., 2005; Lee et al., 2016b). This process involved the integration of a plastid into 
the cell of the ancestral Archaeplastida and would have allowed it to utilise this new 
photosynthetic organelle to convert light into chemical energy. This is marked as a pivotal 
event in plant evolutionary history as it gave rise to the first photosynthetic eukaryotes (Collén 
et al., 2013). 
There are an estimated 6,000 described Rhodophyta species (Guiry, 2012). Two species, 
recently described as the new phylum, Rhodelphidia, were identified as the sister group to red 
algae (Gawryluk et al., 2019). Although red algae are mainly found in marine habitats, they 
have been identified in diverse environments that include hot acid springs (Matsuzaki et al., 
2004; Schönknecht et al., 2013) and coastal caves (Azua-Bustos et al., 2012). The 
multicellular red algae, Porphyra umbilicalis, or laver seaweed, inhabits intertidal zones, 
experiencing desiccation, osmotic stress and extremes of ultraviolet light (Brawley et al., 
2017). Despite their diversity, there are several characteristics such as pigmentation by 
phycobiliproteins (the red and blue pigments are phycoerythrin and phycoacyanin 
respectively, Sfriso et al., 2018), the lack of cytoskeletal structures linked to motility and a 
reduced gene set that are shared between all red algae (Qiu et al., 2015). Red algal 
morphology ranges from the unicellular class, Cyanidiophyceae (Bhattacharya et al., 2013), 
to branched, multicellular species as large as 2m in size. This is an example of the convergent 
evolution of multicellularity in plants, with other transitions found in chlorophytes, charophytes 
and land plants (Parfrey et al., 2013) which are discussed in later sections. 
Glaucophyta are a small group of freshwater unicellular algae with 14 known species (Guiry, 
2012). The branches of early plant evolution remain ambiguous, specifically with regards to 
the placement of glaucophytes and rhodophytes in relation to green plants (Palmer et al., 
2004). However, analysis of the first glaucophyte genome, Cyanophora paradoxa, provided 





2012, 2019; Leebens-Mack et al., 2019). Similar to red algae, glaucophytes contain 
phycobilins and a plastid. Additionally, glaucophytes have flagella which enables them to be 
motile (Price et al., 2019).  
1.2.2 Viridiplantae 
Viridiplantae (kingdom Plantae sensu stricto) consists of two major groups, Chlorophyta and 
Streptophyta (Figure 1.1), that diverged approximately 970 million years ago (Ruhfel et al., 
2014; Morris et al., 2018). There are now an estimated 450,000 – 500,000 species of 
Viridiplantae (Corlett, 2016; Lughadha et al., 2016). The origin of Viridiplantae is marked by 
the loss of phycobiliproteins which, as mentioned, are found in rhodophytes and glaucophytes 
(Tomitani et al., 1999). Also emerging in the ancestor of green plants is the photosynthetic 
pigment chlorophyll b which enabled the absorption of a greater spectrum of light than was 
possible for the ancestor of Archaeplastida, which only possessed chlorophyll a (Lewis et al., 
2004). Another defining feature of all Viridiplantae is the development of a more complex cell 
wall, which occurs through starch synthesis within the plastid (Popper et al., 2011). 
Although the relationships amongst Viridiplantae are fairly well understood, there remain areas 
of the plant tree of life that are contentious. Recent analysis of the genome of the marine green 
alga Prasinoderma coloniale identified a third phylum of Viridiplantae, Prasinodermatophyta, 
that emerged before the divergence of Chlorophyta and Streptophyta (Li et al., 2020b). 
Chlorophytes are a monophyletic group containing 8,000 described species, with a diversity 
of adaptations, morphologies and life histories (Guiry, 2012). The oldest fossil evidence for 
chlorophytes has been dated to 800-1000 million years old and these have been identified as 
multicellular organisms (Butterfield et al., 1994; Tang et al., 2020). The ancestor of 
Chlorophyta likely diversified in marine environments in the Neoproterozoic era (1000-541 
mya) leading to the evolution of the core chlorophytes (Ulvophyceae, Trebouxiophyceae, 
Chlorophyceae) which subsequently radiated into marine, freshwater and terrestrial 





from unicellular organisms (e.g. Ostreococcus tauri, Derelle et al., 2006) to colonial (e.g. 
Volvox carteri, Prochnik et al., 2010) and multicellular algae (e.g. Ulva mutabilis, or sea lettuce, 
De Clerck et al., 2018). This represents another instance of the evolution of multicellularity in 
plants (Umen, 2014). 
1.2.3 Streptophyta 
Streptophyta diverged approximately 890 mya and consist of charophytes and embryophytes 
(land plants) (Figure 1.1). Unlike chlorophytes, charophyte algae are paraphyletic, which is 
defined as a group of organisms descended from a common ancestor but that does not include 
all descendants (in this case, Embryophyta, Civan et al., 2014). Streptophyte algae are found 
in a range of brackish, freshwater and terrestrial habitats, which demonstrates the range of 
adaptations within this group to water availability (Fürst-Jansen et al., 2020). Similar to 
chlorophyte algae, charophytes demonstrate a diverse range of morphologies further 
exemplifying the convergent evolution of multicellularity in plants (Umen, 2014). Six 
morphologically distinct groups have been identified (Figure 1.1): single celled Mesostigmales 
(e.g. Mesostigma viride, Liang et al., 2019), sarcinoid (a cluster of cells) Chlorokybales (e.g. 
Chlorokybus atmophyticus, Wang et al., 2019), filamentous Klebsormidiales (e.g. 
Klebsormidium flaccidum, Hori et al., 2014), multicellular three-dimensional Charales (e.g. 
Chara braunii, Nishiyama et al., 2018), multicellular two-dimensional Coleochaetales and 
filamentous Zygnematales (e.g. Mesotaenium endlicherianum, Cheng et al., 2019). The 
interrelationships between these groups have been highly contested but the latest plant 
phylogenies, which are based on data from one thousand plant transcriptomes, place 
Zygnematophyceae as a sister group to land plants (Wickett et al., 2014; Leebens-Mack et 
al., 2019). Over 6,000 species of Charophyta have been described, with Zygnematales 
recognised as the most species rich group (Guiry, 2012). 
Genome analysis has identified that the transition of plants from water onto land 
(terrestrialisation) was preceded by major innovations previously thought to be land plant 





include the symbiotic association of plants with beneficial fungi (Delaux et al., 2015), a partial 
genetic toolkit for directing stress responses (Bowman et al., 2017; de Vries et al., 2018a, 
2018b; Fürst-Jansen et al., 2020) as well as cell wall modifications (Hori et al., 2014; Mikkelsen 
et al., 2014; Nishiyama et al., 2018; Wang et al., 2019; Jiao et al., 2020). 
1.2.4 Embryophyta 
Over 500 million years ago, the first plants moved from aquatic environments onto land which 
is marked as one of the most important developments in plant evolution (Morris et al., 2018). 
Terrestrialisation had major impacts on global biogeochemical cycles, leading to reductions in 
atmospheric CO2 (Lenton et al., 2012) and an increase in oxygen production (Lenton et al., 
2016). The conquest of land also resulted in the development of new habitats for animals 
(Labandeira, 2013) as well as changes to soil types and the formation of new river systems 
(Gibling et al., 2012). Terrestrial colonisation has been attributed to a series of major 
innovations in plant anatomy and biochemistry. Common features required for plant life on 
land and therefore present in the first land plants are three dimensional growth, rhizoids (root-
like structures), stomata (pores) and the alternation of generations (Harrison, 2017). The latter 
of these involves two distinct phases in the plant life cycle, alternating between sporophyte 
(non-sexual phase) and gametophyte (sexual phase) forms. Recent studies have also shown 
that the evolution of plants was coordinated by the evolutionary development of increasingly 
complex signalling molecules (Bowman et al., 2017) and genetic networks (Catarino et al., 
2016). 
Embryophyta (land plants), consisting of bryophytes (e.g. mosses) and tracheophytes 
(vascular plants), diverged approximately 450 mya (Figure 1.1). The phylogeny of early land 
plants is widely debated but the latest research classifies bryophytes as monophyletic (a group 
of organisms that share a most recent common ancestor) and a sister group to vascular plants 





The bryophytes consist of liverworts (9000 species), mosses (12,700 species) and hornworts 
(225 species) which are all closely related to the first plants that colonised land (Figure 1.1) 
(Christenhusz et al., 2016). Bryophytes lack vascular tissue and true roots but possess key 
innovations for life on land including the ability for 3-dimensional growth as well as specialised 
morphological and physiological adaptations, such as the ability to completely dehydrate and 
recover (Bowman et al., 2017). Specific structures required for life in terrestrial environments 
are found in all land plants, such as rhizoids and root hairs, which are needed for water uptake 
and anchorage (Jones et al., 2012). However, other structures show a marked phylogenetic 
distribution in bryophytes, for example there is evidence of reductive evolution or the loss of 
key traits in liverworts including rhizoid structures, sporangium development and spore wall 
structures (Puttick et al., 2018). Stomata, the pores that regulate gas exchange in plants, were 
present in the ancestor of land plants and are present in every lineage apart from liverworts 
(Harris et al., 2020). In liverworts, the air pore complex has instead independently evolved to 
enable gas exchange (Jones et al., 2017). The evolutionary development of these analogous 
features likely required an individual genetic toolkit, facilitated by lineage specific gene group 
novelty and expansion. 
1.2.5 Tracheophyta and Euphyllophyta 
Tracheophytes can be divided into two major extant plant groups, the Lycophyta and 
Euphyllophyta (Figure 1.1). Distinguishing innovations of tracheophytes (also known as 
vascular plants) is a vascular system for the transport of water and minerals, bifurcation which 
is the division of shoots and roots into two branches, and a sporophyte dominated life cycle 
(Harrison, 2017). Additionally, there are several extinct lineages of land plants that diverged 
after the split of bryophytes and have been identified from fossil evidence. These include 
Horneophyton and Aglaophyton which form the protracheophyte group, as well as 
Rhyniopsids which are defined as early diverging tracheophytes (Kenrick et al., 1997).  
The Pteridophyte Phylogeny Group summarised that the 1290 lycophyte species can be 





et al., 2016; Schuettpelz et al., 2016). There are several examples of independent evolution 
of important biological innovations in the lycophytes and other vascular plant groups. This 
includes the evolution of roots, which occurred once in the ancestor of Lycophyta and once in 
the ancestor of Euphyllophyta (Hetherington et al., 2018). Leaves have also evolved 
independently at least three times, in the ancestor of Lycophyta, Monilophyta and 
Spermatophyta (Tomescu, 2009).  
The group Euphyllophyta, which diverged approximately 435 mya, consists of Monilophyta 
(ferns and allies) and Spermatophyta (seed plants) (Figure 1.1). Monilophyta are a speciose 
plant group containing an estimated 10,560 species (Christenhusz et al., 2016). As highlighted 
above, the innovation shared amongst all euphyllophytes are true roots (Doyle, 2017). Another 
example of convergent evolution in plants is the origin of lateral roots, which occurred in the 
ancestor of seed plants and on multiple occasions in ferns (Hetherington et al., 2020).  
1.2.6 Spermatophyta 
Spermatophyta (seed plants) can be split into two major plant groups, the gymnosperms and 
angiosperms (flowering plants) (Figure 1.1). The extinct sister group of spermatophytes are 
early lignophytes such as Archaeopteris (Meyer-Berthaud et al., 1999). Fossil evidence 
suggests that these plants reproduced in a similar way to lycophytes and ferns, via the 
dispersal of spores through the air (Meyer-Berthaud et al., 1999). In the first seed plants, a 
different method of reproduction emerged through the development of seeds. Seeds are 
fertilised by pollen which can be transported by wind, water and animals (Linkies et al., 2010). 
This revolutionary reproductive strategy minimised the influence of external environments and 
enabled plants to proliferate in terrestrial ecosystems as their dependence on water for 
reproduction was reduced. In addition to this, the ancestor of seed plants also possessed 
secondary xylem and phloem, collectively known as the vascular cambium. The emergence 
of secondary vasculature enabled the evolution of new plant forms, including large forest trees 





Based on fossil evidence (from Elkinsia and Moresnettia) and molecular dating, 
Spermatophyta emerged around 365 million years ago (Serbet et al., 1992; Morris et al., 
2018). There are approximately 1000 species of gymnosperm which can be grouped into five 
subclasses, which are the Pinaceae, Cycads, Ginkgos, Gnetophytes and Cupressophytes 
(Zhong et al., 2010; Lu et al., 2014; Wang et al., 2014e; Christenhusz et al., 2016). 
1.2.7 Angiosperms  
Flowering plants, or angiosperms, diversified only 209 mya (Figure 1.1) but represent the most 
successful group of land plants in terms of both distribution and number of species (Barba-
Montoya et al., 2018; Morris et al., 2018; Li et al., 2019). Charles Darwin described the diversity 
and speed of the evolution of angiosperms as the “abominable mystery” (Davies et al., 2004). 
Considering angiosperms are the plant group that diversified most recently, their diversity is 
unparalleled with approximately 350,000 - 500,000 extant species (Christenhusz et al., 2016). 
Reports from the Angiosperm Phylogeny Group (APG) have improved our understanding of 
flowering plant evolution (Bremer, 1998; Bremer et al., 2003, 2009). Current thinking assigns 
the ANA grade angiosperms (Amborellales, Nymphaleales, Austrobaileyales) as the sister 
group to the Mesangiosperms. Subsequently Magnoliids and Chloranthales are sister to a 
clade containing Monocots, Ceratophyllales and Eudicots. According to the latest APG report, 
Monocots are the sister group of Ceratophyllales and Eudicots (Chase et al., 2016). However, 
there is contention over these relationships, particularly the placement of Ceratophyllales and 
Chloranthales, as highlighted by analysis from the one thousand plant transcriptomes project 
(Leebens-Mack et al., 2019). 
Diverse and species rich families within the flowering plants include the orchid (Orchidaceae), 
sunflower (Asteraceae), sedge (Cyperaceae) and mustard families (Brassicaceae) 
(Christenhusz et al., 2016). Additionally, many flowering plants are of high economic, 
agricultural and cultural importance (Chen et al., 2018) which is reflected in the number of 





(Fabaceae) (Griesmann et al., 2018) and the grasses (Poaceae) (Goff et al., 2002; Yu et al., 
2002; Vogel et al., 2010; Zhang et al., 2014b; Stein et al., 2018). 
Despite their diversity, angiosperms have many shared innovations that facilitated their rise to 
ecological dominance. These mostly relate to the evolution of their reproductive biology (Jiao 
et al., 2011). The carpel, a closed structure containing the ovules, is found only in flowering 
plants. Additionally, in most flowering plants, double fertilisation occurs with the first event 
producing the seed and the second event producing the endosperm, a nutritive tissue which 
feeds the growing seed (Endress, 2011; Soltis et al., 2016). Double fertilisation and protected 
ovules are both common to flowering plants, although examples of double fertilisation are 
found elsewhere in the plant phylogeny (e.g. Gnetales) (Wan et al., 2018a). This provided a 
competitive advantage for angiosperms by enabling plants to establish in previously hostile 
environments.  
An additional trait to emerge in the last common ancestor (LCA) of flowering plants were 
leaves with reticulate veins, which are web or network-like patterns, enabling controlled 
movement of water and food (Boyce et al., 2009). Stems with specialised xylem vessels also 
emerged in the ancestor of flowering plants. These structures are in contrast to the tracheids 
found in non-flowering plants which were simpler in comparison (Trueba et al., 2019). These 
innovations enabled the first flowering plants to efficiently transport water throughout the plant.   
Finally, the LCA of angiosperms were the first plants to evolve flowers. The earliest fossil 
evidence identifies unequivocal evidence of angiosperm flowers at around 125 mya, whilst 
fossilised pollen grains have been dated at ~135 mya during the early Cretaceous (Sun et al., 
1998, 2002). Recent analysis of floral traits from across the flowering plant tree of life 
suggested that the ancestral angiosperm flower was likely bisexual and radially symmetric 
(Sauquet et al., 2017). The emergence of these innovations enabled the rapid diversification 
of angiosperms and had important implications for global biodiversity. Flowering plants have 





2018), pollinators (van der Kooi et al., 2020) and seed dispersers (Eriksson, 2016) and are 
therefore fundamentally important for terrestrial ecosystems (Crane et al., 1995). 
1.3 Genes and genomes 
Although there are several areas of contention in the plant phylogeny (for example bryophytes 
as a sister group to vascular plants), the major relationships are well resolved, particularly in 
comparison to the evolutionary history of animals (Jékely et al., 2015; Pisani et al., 2015; 
Feuda et al., 2017; Simion et al., 2017; Whelan et al., 2017). Many of the major evolutionary 
steps in the plant tree of life are also well characterised, for example the transition from water 
onto land as well as the evolution of roots, seeds and flowers. Our understanding of plant 
evolution is now at its most advanced, partially due to the revolution of DNA sequencing 
technologies. This technological revolution has made the sequencing of problematic taxa, 
more feasible, in terms of cost, speed and accuracy (Koonin et al., 2000) and has also 
improved the quality and quantity of plant transcriptome data which, in turn, has improved our 
understanding of the phylogenetic relationships between species (Wickett et al., 2014; Puttick 
et al., 2018; Leebens-Mack et al., 2019). This revolution has also increased the availability 
and quality of plant genomes which is described in more detail below. 
1.3.1 Revolution in genome sequencing 
The first plant to have its genome sequenced was the model organism, Arabidopsis thaliana, 
in 2000 (The Arabidopsis Genome Initiative, 2000). Following on from this, the first crop plants 
to have their genomes sequenced were two subspecies of Oryza sativa, or cultivated rice, in 
2002, costing approximately $100 million (Goff et al., 2002; Yu et al., 2002). In comparison, a 
genome of a similar size to rice (approximately 420 megabases, or Mb) can now be 
constructed de novo for around $10,000 (Li, 2018). This decline in cost can be attributed to 
the improvement of existing sequencing technologies (e.g. Sanger sequencing) and the 
development of Next Generation Sequencing approaches (e.g. Illumina, PacBio and Oxford 








Figure 1.2. The increasing availability of plant genomes, coloured by taxonomic group. 
Information sourced from plabipd.de. 
 
As a result of these declining costs, genome data from across the plant tree of life has been 
produced at an increasingly high rate (Figure 1.2). For example, at the beginning of my PhD 
research (October 2017), 178 well annotated plant genomes were available (Bowles et al., 
2020) whereas, at the time of writing this thesis, over 550 plant genomes have now been 
sequenced (Table 1.1). Considering approximately 550 plant genomes have been sequenced 
in the last twenty years, the availability of genomic data is predicted to increase exponentially 
in the next five to ten years. This combination of a well resolved phylogeny and unprecedented 
amounts of whole genome data has allowed us to begin to ask questions about the molecular 






Table 1.1. The number of publicly available, assembled genomes in 2017 and 2020. 
Plant group Number of genomes 
2017 
Number of genomes 
2020 
Rhodophyta 4 10 
Glaucophyta 1 1 
Chlorophyta 14 42 
Charophyta 1 7 
Bryophyta 2 8 
Lycophyta 1 3 
Monilophyta 0 3 
Gymnosperms 3 8 
Basal Angiosperms 1 4 
Magnoliids 0 9 
Monocots 43 92 
Early diverging eudicots 5 9 
Rosids 64 217 
Asterids 39 141 
Total 178 554 
 
1.3.2 Genome diversity 
Genomic innovation, variation and complexity is increasingly being recognised as a significant 
factor in the diversification of life on Earth. For example, whole genome duplications are 
considered fundamental to the expansion of many plant lineages (Clark et al., 2018). There is 
large variation in both the size and structure of plant genomes, with these differences ranging 
from single nucleotide polymorphisms (SNPs) to genome wide duplications, deletions and 
rearrangements (Saxena et al., 2014). Whilst land plant genomes have a 2,400 fold range in 
size (Pellicer et al., 2018), there are only a few species that exhibit gigantism as maintaining 
a large genome is costly (Simonin et al., 2018). Paris japonica has the largest genome (149 
gigabases) of any plant, as well as any eukaryotic organism, recently surpassing the last 
record holder, the marbled lungfish, Protopterus aethiopicus (Pellicer et al., 2010). Ferns also 





Tmesipteris obliqua is only marginally smaller than Paris japonica (Hidalgo et al., 2017; 
Pellicer et al., 2018). This has acted as a technological barrier to sequencing many fern 
genomes (Sessa et al., 2014), meaning that to date, only three fern genomes have been 
sequenced (Li et al., 2018a; Marchant et al., 2019). At the other end of the scale, Genlisea 
tuberosa, a carnivorous bladderwort which inhabits nutrient poor environments, has the 
smallest genome of any plant at 61 Mb (Leushkin et al., 2013). Finally Utricularia gibba, a 
member of the same family as Genlisea tuberosa has a very small genome of 82 Mb (Ibarra-
Laclette et al., 2013), which contains 28,500 protein coding genes; these represent 97% of 
the genome and therefore only 3% of its genome is non-coding DNA. 
This large variation in the size of plant genomes can often be attributed to the frequency of 
Whole Genome Duplication (WGD) events also known as polyploidy (Wendel et al., 2016). 
The extra genetic material in organisms with duplicated genomes provides the potential for 
evolutionary innovation of new traits that can provide a competitive advantage. A WGD event 
leads to an organism gaining an extra copy of every single gene in its genome, during the cell 
division phase of sexual reproduction (Jiao et al., 2011). Genome analysis of Amborella 
trichopoda, an early branching angiosperm, suggested that the first flowering plants arose 
when an ancestral spermatophyte underwent WGD around 150 million years ago 
(DePamphilis et al., 2013). The extra genetic material gained through paleopolyploidy, an 
ancestral WGD, allows for functional diversification of genes. In the case of the first 
angiosperms, this provided the ability to evolve new structures such as flowers. This finding 
has since been supported through the analysis of one thousand plant transcriptomes, which 
has identified an additional 244 ancient WGDs across all Viridiplantae (Leebens-Mack et al., 
2019). 
In addition to experiencing WGD, genomes can undergo a series of restructuring events by 
families of lineage-specific transposable elements. It is important to note that these events can 
lead to both genome shrinkage as well as expansion (Wendel et al., 2016). Genome 





mechanisms such as gene silencing and gene conversion, can also lead to the novel or partial 
expression of genes, which are respectively known as neo- or sub-functionalisation. The 
global diversification of plants can be largely attributed to the frequency of these events and 
their subsequent genomic plasticity (Soltis et al., 2009).  
Understanding the consequences of WGDs for gene evolution and the proliferation of gene 
families are still major unanswered questions in evolutionary biology. The increasing 
availability of genomic data means that our understanding of how plant genomes have evolved 
has improved greatly and the variation in both genome size and structure can be explored 
(Palmer et al., 2004). Crucially, we can use this information to begin to identify the genomic 
changes that have accompanied the origin of different plant groups and therefore also unravel 
the molecular basis of biological innovations and adaptations. 
1.3.3 Gene family evolution  
Maynard Smith and Szathmary’s seminal work highlighted the synthesis of DNA, the origin of 
the eukaryotic cell and the evolution of multicellularity as major transitions in evolution 
(Szathmáry et al., 1995). The evolution of genes underpin these major transitions. For 
example, genome analysis of the multicellular chlorophyte algae, Volvox carteri, identified the 
expansion of gene families associated with multicellularity (Prochnik et al., 2010). In particular, 
genes involved in the production of cyclin proteins, which are linked to the coordination of cell 
division, and pherophorins, involved in increasing the complexity of the cell wall, had 
diversified when compared to those in the unicellular Chlamydomonas reinhardtii. An 
additional example comes from an analysis of the genome of the most morphologically 
complex charophycean algae, Chara braunii, which found that multiple gene families, linked 
to organismal complexity, had emerged and expanded (Nishiyama et al., 2018). For example, 
730 transcription factors and regulators were identified, compared to 627 and 542 found in 





With a particular focus on plant evolution, other major evolutionary transitions have been 
identified, including the transition of plants from aquatic environments to land and the origin of 
stomata, vascular tissue, roots, seeds and flowers (as highlighted above) (Ligrone et al., 2012; 
Harrison, 2017). Again, these transitions have also been accompanied by the evolution of new 
genes. For example, it has recently been identified that almost all transcription factor families, 
which are associated with multiple developmental processes, were present in the last common 
ancestor of land plants (Catarino et al., 2016). Additionally, an analysis of Zygnematophyceae 
genomes, the closest extant relatives of land plants, found that many phytohormone signalling 
and biosynthesis genes emerged in the first land plants (Cheng et al., 2019; Jiao et al., 2020). 
Genome analysis of the first lycophyte genome, Selaginella moellendorffii, identified that the 
ancestor of Tracheophyta contained at least 7247 gene families; 27 of these emerged 
alongside the origin of Tracheophyta and were linked to developmental innovations of vascular 
plants (Banks et al., 2011). Finally, analysis of an early diverging flowering plant, the blue-
petal water lily (Nymphaea colorata), found that the ancestor of the genus experienced a whole 
genome duplication event and that the retained genes from this event included those involved 
in regulating flowering transition and development (Zhang et al., 2019a). Such changes in the 
gene content of organisms form the foundation for biological innovation. These examples of 
gene family emergence or expansion can be seen across the plant tree of life and are linked 
to a plethora of major transitions. 
Equally important for the evolution of plants are the genes that underpin key adaptations and 
traits. Many interesting examples of genes underlying adaptations have been elucidated by 
studying extremophile plants and crop wild relatives (Oh et al., 2013; Bechtold, 2018; Boulc’h 
et al., 2020). For example, there are only two flowering plant species found in the Antarctic, 
Colobanthus quitensis (Cho et al., 2018) and Deschampsia antarctica (Lee et al., 2013), which 
both exhibit high expression of core environmental stress response genes, for example Late 
Embryogenesis Abundant proteins and Ice Recrystallisation Inhibition proteins, that are vital 





also been studied extensively to understand the molecular basis of extreme adaptations. 
Genome analysis of a close relative of A. thaliana, Crucihimalaya himalaica, which has been 
proposed as a model for high altitude adaptation, revealed that gene families linked to intense 
radiation, DNA repair and low temperatures showed signs of positive selection (Zhang et al., 
2019c). The genetic diversity of wild relatives can, in turn, be utilised to understand and 
improve stress tolerance in model and crop species. A comparison of two drought tolerant 
Brassicaceae species, Arabidopsis lyrata and Eutrema salsugineum, with the drought 
sensitive Arabidopsis thaliana, found that increased water use efficiency and drought 
resistance could be attributed to high expression of key signalling genes. These genes were 
predominantly found in the abscisic acid (ABA) signalling pathways known to be intrinsically 
linked to drought tolerance (Marín‐de la Rosa et al., 2019).  
As highlighted in the examples above the genetic basis of plant diversification and adaptation 
can be illuminated by investigating gene evolution and this can also improve our 
understanding of how genes have evolved in relation to traits of interest. As highlighted in the 
last example above, drought tolerance is a major constraint on crop productivity but the genetic 
basis of this trait is poorly understood (Fahad et al., 2017). With the ever-growing need to 
develop stress tolerant crop varieties in the face of global climate change, it has been selected 
from the many traits that threaten global food security, to be examined in this thesis. 
Application of the evolutionary thinking described above could aid in the identification of novel 
genes responsible for drought adaptations.  
1.4 Outline and aims of thesis 
The overarching goal of this thesis is to explore the evolution of genes involved in the major 
transitions in plant evolution and the consequences of these events for some of the traits 
associated with these transitions, including drought tolerance. The approach begins by 
analysing plant genome data, which leads on to an experimental analysis that attempts to 
validate computational findings. The research detailed in this thesis will accomplish this goal 





 Examine gene gains and losses across the plant tree of life. 
 Investigate gene group dynamics in relation to innovations involved in drought 
tolerance.  
 Understand how drought tolerance as a trait has evolved. 
 Discover unknown drought tolerance genes by incorporating trait evolution into a 
comparative genomic framework. 
More specifically, the work described in the first research chapter of this thesis (Chapter 2) 
aims to examine the evolution of genes across the plant tree of life, thereby establishing the 
genetic innovations that appear during the major transitions in plant evolutionary history. 
Comparing the genomes of diverse plant species enables broad scale evolutionary patterns 
to be identified. In Chapter 3 I then move on to investigate the evolutionary history of genes 
that are important for the biological innovations intrinsically associated with drought tolerance, 
which include stomata, vascular tissue and roots. Thirdly, the research described in Chapter 
4 aims to understand how drought adaptations have emerged and evolved across the plant 
tree of life. Finally, in Chapter 5, I aim to identify and characterise unknown drought tolerance 
genes, by combining the definition of drought tolerance outlined in Chapter 4 with the 
comparative genomic approach developed in Chapter 2. The ultimate objective of this work is 
to produce plants that have a greater tolerance of drought. As such, the chapter details 
preliminary experimental work which aims to identify the function of candidate drought 
tolerance genes through expression analysis and the generation of genetic mutants. Research 
described in Chapters 2 to 5, will be introduced and discussed in detail individually in each 
respective chapter, before a general discussion and conclusion of the thesis findings are 
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Over the last 470 million years, plant evolution has seen major evolutionary transitions such 
as the move from water to land and the origins of vascular tissues, seeds, and flowers (Morris 
et al., 2018). These have resulted in the evolution of terrestrial flora that has shaped modern 
ecosystems, and the diversification of the Plant Kingdom, Viridiplantae, into over 374,000 
described species (Christenhusz et al., 2016). Each of these transitions was accompanied by 
the gain and loss of genes in plant genomes. For example, whole genome duplications are 
known to be fundamental to the origins of both seed and flowering plants (Vanneste et al., 
2014; Clark et al., 2018). With the ever-increasing quality and quantity of whole genome data, 
evolutionary insight into origins of distinct plant groups using comparative genomic techniques 
is now feasible. Here, using an evolutionary genomics pipeline to compare 208 complete 
genomes, the gene content of the ancestral genomes of the last common ancestor 
of land plants and all other major groups of plant was analysed. This approach reveals an 
unprecedented level of fundamental genomic novelties in two nodes related to the origin of 
land plants, the first in the origin of streptophytes during the Ediacaran (629 million years ago) 
and another in the ancestor of land plants in the Ordovician (473 million years ago). The 
findings highlight the biological processes that evolved with the origin of land plants and 
emphasise the importance of conserved gene novelties in plant diversification. Comparisons 
to other eukaryotic studies suggest a separation of the genomic origins of multicellularity 
and terrestrialisation in plants. 
2.2 Highlights 
 Comparing 208 genomes gives insight into the role of gene novelty in plant evolution  
 Two bursts of genomic novelty played a major role in the evolution of land plants 
(Figure 2.1) 
 Functions linked to these novelties are multicellularity and terrestrialization 






Figure 2.1 Graphical abstract summarising the key finding that the evolution of land 
plants was preceded by two bursts of genomic novelty. 
2.3 Introduction 
Understanding the diversification of plant life on Earth is still one of the major challenges in 
evolutionary biology. Although it is known that the diversification of plants has been driven by 
the evolution of key innovations, including roots, seeds and flowers, there remains much that 
is not known about the evolutionary history of plants. One lens through which to understand 
the diversification of plant life is the diversity of genes and genomes. Defining the genomic 
changes accompanying plant evolution is key to unravelling the molecular basis of biological 
innovations. Recent studies have used comprehensive taxonomic transcriptome data to 
understand angiosperm diversification rates and gene family expansion in the major plant 
groups (Landis et al., 2018; Leebens-Mack et al., 2019). Furthermore, reduced genomic 





gains and losses associated with plant diversification (Vanneste et al., 2014; Wilhelmsson et 
al., 2017; Li et al., 2018a). However, the role of genomic novelty in the origins of distinct plant 
groups using an extensive sampling of complete genomes with a phylogenetically broad 
outgroup has not been fully evaluated. 
2.3.1 Comparative genomics 
Detailed below is a comparative genome approach to assign proteins into groups based on 
sequence similarity. These gene groups can be extracted based on taxonomic occupancy 
enabling patterns of gene gains and losses across the plant tree of life to be inferred. In this 
approach, similar, related proteins are clustered together into distinct groups. These proteins 
share a common ancestry, whether by gene duplication or speciation and, as such, are placed 
into groups of homology.  
There are several approaches that aim to dissect homology relationships. Specifically, these 
relationships consist of orthologous genes which are related to one another by speciation and 
paralogous genes which are related by gene duplication (Koonin, 2005). These methods aim 
to assign proteins into orthologous groups and include packages such as OrthoDB 
(Kriventseva et al., 2019), OrthoMCL (Li et al., 2003) and OrthoFinder (Emms et al., 2015, 
2019). The most widely used and accurate approach for orthology assignment is OrthoFinder 
(Emms et al., 2015). As such, it is compared in greater depth to the homology assignment 
approach described in this work, detailing the advantages and disadvantages of this method. 
OrthoFinder begins with the reciprocal comparison of the sequence similarity between 
proteins. This process, similar to the homology assignment approach, uses BLAST to identify 
sequences of similarity within and between focal species. Next, a similarity matrix is produced 
based on the BLAST outputs and then Markov-chain clustering (MCL) is used to place proteins 
into groups. This step is also used in the homology assignment approach. However, in 
OrthoFinder, the BLAST bit-score output is additionally normalised by gene length. This extra 
step, as well as stricter BLAST and MCL parameters in OrthoFinder, enables the prediction of 





Although these approaches are highly popular, there are several limitations that are 
associated with most orthology assignment methods. For example these methods often 
struggle to detect gene fusion, fission and exon shuffling (Kuzniar et al., 2008; Holland et al., 
2017). Additionally, there are issues in orthology detection for complex evolutionary scenarios. 
Lateral gene transfer (LGT), which is common amongst plants, particular between plant 
species (Yue et al., 2012; Li et al., 2014c; Cheng et al., 2019; Dunning et al., 2019), can be 
difficult to decipher (Glover et al., 2019). Gene and genome duplication, a frequent feature of 
plant genome evolution (Flagel et al., 2009; Clark et al., 2018; Qiao et al., 2019; Costello et 
al., 2020), have also proved complex to disentangle, especially when this is followed by gene 
loss (Kapli et al., 2020).  
In light of the limitations surrounding orthology assignment detailed above, a homology group 
assignment approach was instead used in this study, incorporating both orthologous and 
paralogous genes in the same group. This approach is particularly suited to a plant genome 
dataset, due to the increased incidence of LGT and gene duplication. Additionally, this 
approach is less prone to the false positives and misassignments that are seen in orthology 
detection methods. Thus, homology group assignment was used to investigate the role of 
genomic novelty in plant evolution. 
2.4 Results and Discussion 
2.4.1 Analysing the ancestral plant gene content 
Adapting a previously described (Dunwell et al., 2017; Paps et al., 2018) comparative 
genomics pipeline, 208 eukaryotic genomes, including a broad representation of animal (10), 
other unikont (11), and non-embryophyte bikont (29) genomes were compared (Methods, 
Supplementary Data 2.1, Appendix 2.1). Genome quality was assessed with BUSCO analysis, 
a quality control measure of genome sequencing and assembly, and genomes with more than 
15% of BUSCO missing genes were discarded. Protein sequences were compared using 
BLAST and MCL to identify Homology Groups (HGs). To reduce the error produced by the 





was not conducted (Holland et al., 2017; Paps et al., 2018). Therefore, a single HG is defined 
as a set of proteins that have distinctly diverged from others. The 208 eukaryotic 
genomes contain ~9 million proteins which were clustered into ~650,000 Homology Groups. 
Using scripts incorporating a phylogenetic framework to inform comparative genomics, five 
evolutionarily distinct classifications of HG (Ancestral, Ancestral Core, Novel, Novel Core, 
Lost) were extracted (Supplementary Data 2.2, Appendix 2.2). Based on these outputs, 
patterns of large gene gains and losses were identified across the plant phylogeny (Figure 
2.2). 
The HG categorisation juxtaposes between the traditional gene classification (e.g. gene 
families, classes) and their evolutionary dynamics. Therefore a HG can either contain genes 
traditionally designated as subfamilies (e.g. GA3ox), gene families (e.g. Allene Oxide Cyclase) 
or gene superfamilies. This recovery of traditional gene classifications demonstrates the 
reliability of this clustering approach (Supplementary Data 2.3). There are limitations shared 
with other BLAST-based analyses, such as the impact of gene fusion, fission and lateral gene 
transfer. However, genes in broad HGs are less likely to be misassigned than orthologs and 
paralogs (e.g. OrthoFinder) (Pett et al., 2019). The pipeline approach also tackles biases seen 
in tree reconciliation methods, which are prone to inaccurate assignments of gene gains and 
losses (Hahn, 2007). 
2.4.2 The role of highly conserved gene groups in plant evolution 
The evolution of Embryophyta (land plants) and Streptophyta (land plants and their closest 
algal relatives, Charophyta) are arguably the most dramatic transitions in the history of plants. 
These events have previously been linked with the expansion of many processes and 
developmental traits including embryogenesis (Nishiyama et al., 2018), plant hormones 
(Wang et al., 2015) and symbiotic interactions with arbuscular mycorrhizae and rhizobacteria 
(Field et al., 2015). The analyses revealed that there was a substantial increase in the number 
of highly retained gene novelties in the Last Common Ancestor (LCA) of Streptophyta and the 





Figure 2.2 Analysis of the Gene Content of ancestral plant genomes. Evolutionary relationships of the major groups included in this study 
can be found in Supp. Data 2. Different categories of HG are indicated in each node, from top to bottom, Ancestral HG, Novel HG, Novel Core 





2.2). Gene Ontology (GO) analyses using Arabidopsis thaliana, which has comprehensive GO 
annotations, were used to explore the modern functions of descendants of genes from Novel 
Core HGs (Supplementary Data 2.4, Figure 2.3). The Protein Class category was used as this 
classification is less prone to false assignments and biases (Paps et al., 2018). All other GO 
categories including Molecular Function, Biological Process and Pathway were produced 
(Supplementary Data 2.4). HGs present in the LCA of embryophytes are abundant in classes 
involved in protein modification (e.g. transferase, oxidoreductase, ligase) and protein transport 
(e.g. transporter proteins, membrane traffic proteins) whilst HGs present in the LCA 
of streptophytes are abundant in gene regulation (e.g. transcription factor) and cell structure, 
movement and division (e.g. cytoskeletal proteins). The origins of Streptophyta were 
accompanied by the evolution of many plant-specific transcription factors (e.g. HD-ZIP) and 
an increasingly complex cell wall corresponding to the high number of the protein class hits 
seen in the Streptophyta Novel Core (NC) HGs (Hori et al., 2014; Wilhelmsson et al., 2017; 
Nishiyama et al., 2018). 
It is possible that the bursts of conserved genomic novelty could be explained by the presence 
of one or multiple whole genome duplications (WGDs). Inferring WGDs in these ancestral 
nodes is difficult with no events currently identified in the LCA of these groups (Van de Peer 
et al., 2017; Zwaenepoel et al., 2019). Analysis of over 1000 transcriptomes has identified 244 
WGDs across the green plant phylogeny (Leebens-Mack et al., 2019). These mostly occur 
after the origin of vascular plants and do not appear to coincide with the burst of novelties 
seen in this study. This supports the theory that there was a change in strategy from gene 
family birth and expansion to WGD along the backbone of the plant phylogeny. 
Another contributing factor that might explain the origins of some Novel Core HGs is the 
presence of horizontal gene transfer (HGT). BLAST searches against the Swissprot database 
confirmed the absence of all Novel Core HGs in outgroup taxa, validating the outputs of 
the pipeline approach (Supplementary Data 2.5). Queries using the pipeline approach 





Figure 2.3. The number of Protein Class GO annotations for Arabidopsis thaliana as a representative for the Novel Core HGs at each 





taxa in this study’s dataset (Supplementary Data 2.1), suggesting widespread HGT in 
plants (Yue et al., 2012; Lutzoni et al., 2018). The last eukaryotic common ancestor 
(LECA) is the ancestor that connects all eukaryotes including plants and fungi.  Either 
these HGs were in LECA and lost from all eukaryotic representatives aside from fungi and 
land plants or they are the product of HGT (Margulis et al., 2006). GO analysis of 25 of 
the HGs that contained at least 100 embryophyte taxa revealed that they were associated 
with gene regulation and protein modification (Supplementary Data 2.6). Other possible 
HGT events that could explain the marked distribution of these Novel Core HGs include 
parasitism by other plants, symbiosis with other plants (e.g. transfer of a photoreceptor 
gene from bryophytes to ferns) and symbiosis with rhizobacteria (Yue et al., 2012; Wickell 
et al., 2019). 
2.4.3 The functions of highly conserved gene groups 
In streptophytes, Novel Core HGs were implicated in root, multicellular and lateral organ 
development (Supplementary Data 2.7; Figure 2.4). These terms were assigned based on 
the functions in extant Arabidopsis thaliana genes. In some cases, their evolutionary 
emergence predates the origin of the function with which they are often associated. For 
example, there is no evidence of roots outside the Tracheophyta, yet genes associated 
with root development are found in older nodes (Raven et al., 2001; Hetherington et al., 
2018). Therefore these HGs are potential examples of co-option of old genes for new 
processes (Figure 2.5).  
Other key functions include the increased complexity of the cell wall which is crucial for 
multidimensional cell growth (Becker et al., 2009). Further indicators of multicellularity in 
the predecessor of land plants are HGs involved in the regulation of transcription, cell 
adhesion and division. The findings here also support an expansion of cellular signal 
transduction pathways associated with growth, development and stress 





Figure 2.4 Terms identified from Novel Core Homology Groups for each phylogenetic group of plants. Evolutionary relationships of the 





Many of the Novel Core HGs identified in the study have not previously been associated 
with the origin of land plants. These include proteins involved in plant organ 
development, cell wall construction and host microbe interactions (Raffaele et al., 
2007). Other HGs are related to terrestrialisation, with functions related to the synthesis of 
lignin, UV light protection and cell signalling. The latter comprise plant hormones 
(phytohormones) linked with growth such as auxin (body plan definition, Finet et al., 2013), 
brassinosteroids (photomorphogenesis, Zhu et al., 2013) and gibberellins, as well as those 
associated with environmental responses such as abscisic acid (ABA), salicylic 
acid and jasmonic acid (primordial root growth, Briggs et al., 2006). Several Novel Core 
HGs including bHLH transcription factors, receptor like kinases (LRR-RLKs) and three 
families of heavy metal-associated isoprenylated plant proteins (HIPPs) have 
been previously linked to the origin of embryophytes, further validating the results 
(Supplementary Data 2.7) (Liu et al., 2017a). 
 
2.4.4 The evolution of phytohormone signalling 
Some of these innovations have evolved in an incremental fashion. For example, 
phytohormone signalling genes identified as Novel Core to Streptophyta include Ethylene-
overproduction protein 1, ETO1 and Ethylene Insensitive 3, EIN3 (Appendix 2.3). 
However, genes involved in ethylene signalling have been shown to originate before (1-
aminocyclopropane-1-carboxylate synthase, ACS) and after (1-aminocyclopropane-1-
carboxylate oxidase, ACO) this point in the evolutionary history of plants (Nishiyama et al., 
2018). Therefore these assigned functions do not demonstrate an establishment of these 
features but the additive developments contributing to their origin and evolution. 
Using the same comparative genomics approach, the evolutionary origins and 
conservation of phytohormone pathways in plants were inferred (Appendix 2.3). The 
fundamental backbone of the biosynthesis and signalling pathways of all phytohormones 





2017; de Vries et al., 2018b; Nishiyama et al., 2018). Genes involved in gibberellic acid 
production and signalling originate with plant terrestrialisation (Figure 2.5). However, the 
role of hormones may have changed during land plant evolution, as recently highlighted 
for ABA signalling (McAdam et al., 2016). Important innovations in land plants include 
tightly controlled responses to drought and salt stresses, which require the production and 
perception of ABA. The results show that ABA biosynthesis and perception evolved earlier 
than previously thought and is highly conserved across the plant phylogeny (Figure 
2.5). The ABA receptor, PYL, has recently been identified in Zygnema circumcarinatum 
but is absent in other streptophyte algae (de Vries et al., 2018b). In combination with the 
analysis presented here, this confirms that PYLs are conserved across 
Zygnematophyceae and Embryophyta. PP2Cs and SnRK2s, known to be present across 
Viridiplantae, are here supported as an Archaeplastida novelty (Bowman et al., 2017). 
Identifying these HGs is a significant step in understanding the evolution of 
















Figure 2.5 Evolution of abscisic acid (ABA) and gibberellic aicd (GA) biosynthesis 
and signalling. Squares indicate genes that are involved in biosynthesis whilst circles 
indicate genes involved in signalling. Dark orange shapes indicate non-genetic elements. 
Colour coding demonstrates that a gene was present in at least the last common ancestor 
of a clade. Arrows indicate positive regulation and circle ended lines indicate negative 
regulation. Acronyms for genes: ABA biosynthesis: AAO, ABA-ALDEHYDE OXIDASE; 
NCED, 9-CIS-EPOXYCAROTENOID DIOXYGENASE; NSY, NEOXANTHIN SYNTHASE; 
SDR, SHORT-CHAIN ALCOHOL DEHYDROGENASE/REDUCTASE; ZEP, 
ZEAXANTHIN EPOXIDASE. ABA signalling: ABF, ABA RESPONSIVE ELEMENT-
BINDING FACTOR; ABI4, ABA INSENSTIVE4; AHA, ARABIDOPSIS PLASMA 
MEMBRANE H+-ATPASE; AKT, SER/THR KINASE1; ALMT, ALUMINUM-ACTIVATED 
MALATE TRANSPORTER; AVP, ARABIDOPSIS VACUOLAR H+-
PYROPHOSPHATASE; CAS, CALCIUM SENSING RECEPTOR; CHLH, 





NUCLEOTIDE GATED CHANNEL; GORK, GATED OUTWARDLY RECTIFYING K+ 
CHANNEL; KAT, GUARD CELL INWARDLY RECTIFYING K+ CHANNEL; MAPK, 
MITOGEN ACTIVATED KINASE-LIKE PROTEIN; MYB, MYB DOMAIN PROTEIN; 
PLDa1, PHOSPHLIPASE Dα1; PP2C, PROTEIN PHOSPHATASE 2C; RBOH, 
RESPIRATORY BURST OXIDASE HOMOLOG PROTEIN; SLAC, SLOW ANION 
CHANNEL; VHA, VACUOLAR H+-ATPASE. GA biosynthesis: CPS, ENT-COPALYL 
DIPHOSPHATE SYNTHASE; KS, KAURENE SYNTHASE; KO, ENT-KAURENE 
OXIDASE; KAO, ENT-KAURENOIC ACID OXIDASE; GA20ox, GIBBERELLIN 20 
OXIDASE 1; GA3ox, GIBBERELLIN 3-BETA-DIOXYGENASE; GA2ox, GIBBERELLIN 2-
BETA-DIOXYGENASE. GA Signalling: GID1, GIBBERELLIN-INSENSITIVE DWARD 
PROTEIN 1, DELLA; SLY1, SLEEPY1; SCF, SKP1-CULLIN-F-BOX. This figure 2.has 
been adapted from previous publications for ABA (Yamauchi et al., 2004; Cai et al., 2017) 
and GA (Middleton et al., 2012; Freschi, 2013). See also Appendix 2.4. 
 
2.4.5 Other evolutionarily distinct gene groups of ancestral plant genomes 
Genomic novelty is considered to have played an important role in the establishment of 
new features during the origins of land plants and other taxa. Genomic novelty in the LCA 
of distinct plant groups was substantial (Figure 2.2). In the LCAs of Streptophyta and 
Embryophyta, 753 and 1167 Novel HGs were identified respectively, similar to values 
found in other studies (Supplementary Data 2.4) (Li et al., 2018a; Nishiyama et al., 2018). 
In contrast to other plant nodes, these values are relatively low compared to the 2525 HGs 
identified in the origin of Mesangiospermae. As mentioned, WGD in plants is common and 
multiple events have been identified across the angiosperm phylogeny (Clark et al., 2018). 
Two WGD events have been established in the ancestors of seed plants (Spermatophyta) 
and flowering plants (Angiospermae) which could explain the 1432 and 713 Novel HGs 
identified in these nodes (Jiao et al., 2011; Ruprecht et al., 2017).   
The analyses also identify that the LCA of extant land plants (Embryophyta) contained at 
least 8654 Ancestral HGs (Supplementary Data 2.4). This number is likely lower than the 
total number of gene families present in the ancestral Embryophyta gene content because 





representatives. Arabidopsis thaliana and Brachypodium distachyon genomes contain 
27,655 and 34,310 genes clustered into 13,345 and 14,235 HGs respectively, with 60-
70% of their genes present in the LCA of land plants. 2254 of these ancestral HGs were 
retained (Ancestral Core) by at least 157 of the embryophyte genomes, demonstrating 
extensive gene loss has occurred across land plant evolution (Supplementary Data 2.4). 
GO analysis revealed genes derived from HGs present in the LCA of embryophytes are 
abundant in gene regulation (e.g. nucleic acid binding, transcription factors) and protein 
modification (e.g. hydrolase, transferase; Supplementary Data 2.4). 
Furthermore, the analyses recognise HG losses (Supplementary Data 2.4). Drosophila 
melanogaster was used as a representative of a well-annotated non-plant genome in 
the GO analyses of HGs lost in plant evolution. A total of 1756 HGs were absent in the 
LCA of Streptophyta comprising protein classes involved in gene regulation (e.g. nucleic 
acid binding, transcription factor), cell signalling (e.g. enzyme modulator, signalling 
molecules) and catalytic activity (e.g. hydrolase, oxidoreductase). Lost HGs were also 
identified in Embryophyta suggesting that gene turnover was prolific during the evolution 
of the ancestors of streptophytes and land plants (Figure 2.2). Large losses were also 
identified in branches leading to the LCA of eudicots and Archaeplastida with 1196 and 
1741 HGs respectively.  
2.4.6 Comparisons with animal evolution 
A previous study using the same comparative approach used in this study revealed an 
increase of genomic novelty during the origin of the Animal Kingdom, with an increase of 
conserved genomic novelty (Novel Core HGs) in a single node: the LCA of metazoans 
which comprises 25 Novel Core HGs associated with multicellular processes; this 
represents a 5-fold increase from previous ancestors (Paps et al., 2018). The origin of land 
plants shows two nodes with an increase of conserved genomic novelty, one in the LCA 
of streptophytes (in the Ediacaran, 629 mya, Morris et al., 2018) and another the LCA of 





numbers of conserved gene novelties than animals, representing a 10-fold increase 
compared to older ancestors (e.g. Novel Core HGs originating in the respective ancestors 
of Viridiplantae and Archaeplastida). In green plants, multicellularity has multiple 
independent evolutionary origins with chlorophycean and charophycean algae showing a 
patchy distribution, but is a trait that is conserved in all embryophytes (Umen, 2014; De 
Clerck et al., 2018). Here, gene content data of the ancestral genomes of the Plant 
Kingdom (Viridiplantae) supports a decoupling between the emergence of multicellularity 
(streptophytes) and terrestralisation (embryophytes), which is in contrast to a single burst 
of novelty in the Animal Kingdom (Metazoa), whose origins did not involve a change of 
environment. In the future, the inclusion of new genomes may change the reconstruction 
of HGs at each node. Specifically recent sequencing of the first two fern genomes and a 
second charophyte genome would help to fill phylogenetic gaps (Li et al., 2018a; 
Nishiyama et al., 2018). Results from BLAST searches of Novel Core HGs against these 
phylogenetically important genomes supported the pipeline outputs, further validating the 
analyses (Supplementary Data 8, Appendix 2.5). In addition, this study solely focusses on 
protein-coding genes, however, non-coding genes, regulatory regions and epigenetic 
modifications most likely contributed to the diversification of plant life. The analysis 
presented here, which incorporates genomic data for 208 taxa from across the tree of life, 
provides new insight into the composition of ancestral plant genomes and emphasises the 
role of genome evolution in the emergence of terrestrial flora.  
2.5 Methods   
2.5.1 Materials Availability 
Genome sources and software (e.g. BLAST) are listed (Supplementary Data 2.1) and 
referenced (Appendix 2.1) and all scripts used are available on Github listed below. This 





2.5.2 Compiling genomic dataset 
A detailed description of the pipeline utilised here can be found elsewhere (Paps et al., 
2018). Briefly, the pipeline uses the protein coding genes of whole genome sequences to 
identify homologous groups of proteins within and between species (Appendix 2.1). Broad 
taxonomic sampling of genomic data was implemented to be able to accurately infer the 
phylogenetic origin of different HGs (Supplementary Data 2.1). 208 eukaryotic genomes 
were downloaded equating to 9,204,593 predicted proteins including 178 Archaeplastida 
genomes (including 158 land plant genomes) and 30 from a diverse representation of 
eukaryotic outgroups (Supplementary Data 2.1, Supplementary Figure 2.1). BUSCO 
analysis was used to assess the quality of the genome annotation, using a <15% of 
missing genes in the BUSCO Eukaryota dataset as a benchmark to accept a genome for 
further analysis (Supplementary Data 2.1, Supplementary Figure 2.2) (Simão et al., 2015). 
2.5.3 Homology assignment    
Sequence similarity for all predicted proteins was identified with an all-versus-all BLAST 
(Altschul et al., 1990) (version 2.7.1) using an e-value of 10e-5, resulting 
in 84,724,532,295,649 comparisons with 3,680,714,880 significant BLAST hits. The 
BLAST search was launched on 7th February 2018 and therefore any genomes published 
after this date were not included in the analysis. Within the MCL protocols, it is 
recommended to assess the effects of changing of the granularity score which is the 
fineness of the clusters produced (Enright et al., 2002). Outputs for granularity scores 1.2, 
2, 4 and 6 were used to compare the phylogenetic appearance and clustering of plant 
gene families against published datasets of Banks et al (2011) and the transcription factor 
families from Catarino et al (2016) (Supplementary Data 2.3). After testing the impact of 
altering this inflation value, BLAST outputs were clustered using MCL with the default 
granularity score (I = 2.0, Supplementary Data 2.3) (Enright et al., 2002). This approach 





2.5.4 Phylogenetically Aware Parsing Script   
The MCL output was processed by modifying the Perl scripts described (Paps et al., 2018) 
with Perl version 5. In the form of three Perl scripts, the pipeline can be used to identify the 
origin or loss of homologous groups of proteins (HGs) based upon their taxonomic 
occupancy (Supplementary Data 2.2). Different sets of HGs can be analysed (initially 
defined (Paps et al., 2018));    
 Ancestral (HGs present in the Last Common Ancestor of a clade),    
 Ancestral Core (HGs present in every representative species within a clade or 
absent only in one genome),    
 Novel (HGs present in the Last Common Ancestor of a clade and absent in all 
outgroup taxa),    
 Novel Core (HGs present in every representative species within a clade or absent 
only once and absent in all outgroup taxa),   
 Lost (HGs lost in the Last Common Ancestor of a clade).    
A more detailed explanation of these query terms with examples is available (Appendix 
2.2, Supplementary Figure 2.3). The main tree figures were made in FigTree (Rambaut A, 
2012) and edited in Inkscape (The Inkscape Project, 2019). 
2.5.5 Novel Core HG validation    
To confirm accurate identification of conserved gene novelties, Arabidopsis thaliana 
(and Brachypodium distachyon for Liliopsida novelties) genes for each HG were tested, 
by performing BLASTP searches against the Swissprot database (Bairoch, 2000) (25th 
July 2018) excluding in-group sequences with the option negative_gilist (Altschul et al., 
1990) (Supplementary Data 2.5). This offers the maximum breadth of taxonomic sampling 
possible. Based on sequence similarity, e-value and taxonomic occupancy, BLAST 





Three evolutionarily significant genomes have recently been published, the first two fern 
genomes (Li et al., 2018a) and the second charophyte genome (Nishiyama et al., 2018). 
Novel Core HGs from all groups were BLASTP searched against the protein coding genes 
of these genomes (Supplementary Data 2.4). Based on sequence similarity, e-value and 
taxonomic occupancy, these BLAST searches refined the number of Novel Core HGs 
identified (Appendix 2.5). 
2.5.6 Functional annotation   
To obtain a functional description for all types of HG for every Archaeplastida node, 
their Arabidopsis thaliana genes were assessed using Panther GO (Mi et al., 2017) 
(Version 11). The number of Gene Ontology hits for all GO classifications were collated: 
Protein Class, Molecular Function, Biological Process, Cellular Component, Pathways 
(Supplementary Data 2.4). A literature search further revealed the functions of the Novel 
Core Homology Groups (Supplementary Data 2.7). Graphics were produced in R (R Core 
Team, 2014) using packages tidyr (Henry, 2018) and GGplot2 (Wickham, 2016).   
2.5.7 Inferring Horizontal Gene Transfer  
Inferences about potential HGT were made. Based on the taxon sampling in the dataset, 
the pipeline was used to produce the query: Atleast1-fungi present, Atleast1-Embryophyta 
present and Outgroups absent. 323 HGs were identified which were subsequently whittled 
down to 25 HGs by stipulating that at least 100 land plant taxa must be present. Similar to 
the above, GO analysis was used to reveal the functions of these HGs (Supplementary 
Data 2.6). 
2.5.8 Data and Code availability    
All genomic data used in the study is publically available with sources listed in 
Supplementary Data 2.1. The code used to process the outputs of MCL and extract the 5 





https://github.com/AlexanderBowles/Plant-Evomics and in Supplementary Data 2.9 along 
with the outputs of MCL. 
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3.1 Abstract  
The relationships between plants and water have changed dramatically over the last billion 
years. The first land plants emerged from aquatic environments around 500 million years 
ago and, since then, their descendants have adapted to variable water availability through 
the evolution of key innovations. Although the origins of these adaptations have been 
characterised, the evolution of the genetic toolkit that underpins these adaptations, in 
terms of development and function, is less well understood. Here, by comparing 208 
genomes, the evolutionary origin and diversification of genes involved in the development 
and regulation of stomata, vascular tissue and roots is investigated. This approach reveals 
that novel genes led to a single origin of stomata in the ancestor of land plants. However, 
stomatal control, which enables active regulation of water exchange, is the product of gene 
duplications in the ancestor of seed plants. Gene networks involved in vascular tissue 
development have emerged through a complex of evolutionary mechanisms. Root 
evolution has also been shaped by the emergence of key novel genes. The findings 
highlight the role of water as a driver of plant evolution and provides insights into the 
molecular mechanisms enabling plants to conquer land. 
3.2 Introduction  
Water is essential for life on Earth although, in the case of plants their relationship with 
water has changed dramatically over the last billion years. Within green plants, the 
divergence of chlorophyte algae, which are almost exclusively aquatic, and Streptophyta 
which include algae and land plants, occurred approximately 1 billion years ago (Morris et 
al., 2018). Streptophyte algae are found in a range of brackish, freshwater and terrestrial 
habitats, which demonstrates their ability to adapt to a range of different niches that vary 
in terms of their water availability (Fürst-Jansen et al., 2020). Emerging from aquatic 
environments 500 million years ago, the first land plants and their descendants have had 
to adapt to variable water availability in order to survive and conquer new terrestrial 





was preceded by major innovations previously thought to be land plant specific, for 
example the associations with substrate microbiota (Hori et al., 2014; de Vries et al., 
2018a; Nishiyama et al., 2018; Cheng et al., 2019; Wang et al., 2019).  However, although 
many key genes evolved prior to the transition of plants onto land, specific adaptations 
and the genetic re-wiring of developmental and stress response pathways occurred later 
in land plant evolution, increasing their adaptive plasticity to water availability (Harrison, 
2017; de Vries et al., 2018a; Fürst-Jansen et al., 2020). 
Plant features that are important for water regulation and transport appear to have evolved 
in a stepwise manner. For example, three of the most important features for water 
regulation, and the focus of this study, are stomata, vascular tissue, and roots which 
evolved approximately 500 mya, 450 mya and 435 mya, respectively (Morris et al., 2018). 
Stomata, vascular tissue, primary roots and lateral roots have emerged sequentially in the 
ancestors of Embryophyta, Tracheophyta, Euphyllophyta and Spermatophyta respectively 
(Harrison, 2017). Stomata, which are a key adaptation to dry environments and emerged 
in the ancestor of land plants, are pores in plant tissue that open to allow gas exchange 
and close to regulate water loss (Sussmilch et al., 2019). Vascular tissue then enables 
efficient water transport throughout the plant, and is common to all tracheophytes (also 
known as vascular plants), although vascular like systems have also been identified 
outside of tracheophytes (Brodribb et al., 2020). Roots, which emerged in the ancestor of 
euphyllophytes, provide multiple functions including anchorage, nutrient and water uptake 
(Kenrick et al., 2014). 
3.2.1 The genetic toolkit for root development 
Briefly described below is our current understanding of the genetic pathways and 
mechanisms that are involved in the development of root hairs, primary roots, lateral roots 
and vascular tissue, as well as the development and functioning of stomata. They are 
described in the order in which water enters and leaves a plant, namely roots, followed by 





3.2.1.1 Root hairs 
Root hair development begins with cell fate determination which determines whether an 
epidermal cell becomes a root hair cell or non-root hair cell. The determination of a root 
hair cell, triggers a transcription factor cascade, inhibiting GLABRA2 (GL2) expression. 
This inhibition leads to the expression of the ROOT HAIR DEFECTIVE 6/ ROOT HAIR 
DEFECTIVE 6-LIKE 1 (RHD6/RSL1) gene, which initiates the development of the root hair 
(Vissenberg et al., 2020). This genetic toolkit is heavily influenced by signalling from 
phytohormones; these signals enable plants to control root hair development and function 
in relation to environmental factors, such as drought stress (Bobrownyzky, 2016). 
3.2.1.2 Primary roots 
The primary root is the foundation of dicot rooting systems and the initiator of monocot 
rooting systems. Primary root initiation involves the formation and maintenance of the stem 
cell predominantly through auxin (e.g. AUX1/LAX) and cytokinin gene signalling 
(Moubayidin et al., 2009). The abundance of auxin controls the expression of indole-acetic 
acid (IAA) genes and auxin response factor genes (ARFs) (De Smet et al., 2010). Under 
high levels of auxin, ARF proteins are released from IAAs and then are able to activate 
many root development genes (Goh et al., 2012). 
Additionally, important for the specification of the stem cell are the transcription factors 
encoded by the genes SHORTROOT (SHR) and SCARECROW (SCR). These genes are 
crucial for controlling primary root initiation, root patterning and regulation of cell division 
(Lucas et al., 2011). The DELLA transcription factors, GIBBERELLIN INSENSITIVE (GAI), 
REPRESSOR OF GA1 (RGA) and RGA-LIKE (RGLs) are, in turn, important for cell 
division and root elongation (Ubeda-Tomás et al., 2008; Fonouni-Farde et al., 2019). 
These steps involved in root initiation, development and elongation are essential for root 
system development as a whole. If these initial stages of root development are affected 





irregularities in gravitropic growth, root elongation and lateral root emergence (Jung et al., 
2013). 
3.2.1.3 Lateral roots 
Lateral roots emerge from the primary root, enabling plants to access nutrients and water 
from a greater soil area (Nibau et al., 2008). Similar to primary root development, auxin 
signalling and the IAA/ARF complex is also important for lateral root development (e.g. 
IAA8/ARF7) (Verstraeten et al., 2014; Santos Teixeira et al., 2019). Auxin concentrations 
define the cell fate of the lateral root founder cells, initiating the lateral root primordium 
(Van Norman et al., 2013). Asymmetric division leads to the emergence of the lateral root 
primordium from the primary root (Benkova et al., 2010). Auxin also tightly controls the 
patterning of the lateral root primordium and facilitates its emergence (Swarup et al., 2008; 
Péret et al., 2012). 
Lateral root growth is regulated by a complex of molecular factors and regulators (Nibau 
et al., 2008). For example, GATA23 is involved in the specification of the lateral root 
founder cell (Lavenus et al., 2013) whilst Lateral Organ Boundaries-domain (LBD) proteins 
actively regulate lateral root formation (Okushima et al., 2007). Similar to primary root 
development, the transcription factors SHORTROOT (SHR) and SCARECROW (SCR) 
are important for lateral root development, patterning and emergence (Lucas et al., 2011). 
Drought is known to inhibit the development and growth of lateral roots which is 
predominantly mediated through abscisic acid (ABA) (Shkolnik-Inbar et al., 2010; Xu et 
al., 2013b). Typically, drought stress can lead to shorter primary roots and a reduced 
number of lateral roots (Zolla et al., 2010). 
3.2.2 The genetic toolkit for vascular tissue development 
The evolution of the vascular system enabled plants to efficiently transport water from root 





consists of important tissue types including the xylem and phloem which are connected 
by the undifferentiated cambium. Procambial and cambial cells function as vascular stem 
cells which differentiate into specialised cells of xylem and phloem (Vaughan-Hirsch et al., 
2018). The development of vascular tissue involves a set of highly coordinated 
consecutive processes which are coordinated by the expression of particular genes and 
transcription factors which are detailed below. 
Auxin signalling plays a crucial role in asymmetric cell division, leading to the development 
of provascular cells. The auxin response transcription factor MONOPTEROS (MP) is 
involved in the process of asymmetric cell division, which eventually leads to xylem cell 
development. Target genes of MP, the transcription factors TARGET OF MONOPTEROS 
5 and LONESOME HIGHWAY (TMO5/LHW), are also involved in orientating the divisions 
of procambium cells which, in turn, establishes the different vascular cell types (Smet et 
al., 2019). The maintenance of the vascular stem (cambial) cells is regulated by PHLOEM 
INTERCALATED WITH XYLEM (PXY). VASCULAR-RELATED NAC-DOMAIN 1-7 
(VND1-7) genes specify the cell fate of xylem. Other NAC domain proteins, notably 
SECONDARY WALL - ASSOCIATED NAC DOMAIN PROTEIN1 (SND1) and NAC 
SECONDARY WALL THICKENING PROMOTING FACTOR 1 – 2 (NST1 - 2), regulate the 
differentiation of xylem (Ruonala et al., 2017).  
Vascular tissue emerges through this series of developmental stages which are regulated 
by a number of transcription factors. However, although much is known about the 
development of xylem, many of the genes involved in the development of the vascular 
system still remain uncharacterised. 
3.2.3 The genetic toolkit for stomatal development and function 
3.2.3.1 Stomatal development 
The stomatal development process involves a series of cell-fate transitions leading to the 





MMCs divide asymmetrically to produce a smaller meristemoid and a larger stomatal 
lineage ground cell (SLGC). This process is regulated by the bHLH transcription factors 
SPEECHLESS (SPCH) and ICE/SCREAM (SCRM) (Chater et al., 2017). The SLGC either 
forms a pavement cell or divides further to become a satellite meristemoid. Meristemoids 
next differentiate into a guard mother cell (GMC) which is regulated by the bHLH 
transcription factors MUTE and SCRM (Macalister et al., 2011; Lau et al., 2012). Finally, 
GMCs divide symmetrically to form the guard cells of stomata. This process is coordinated 
by activity of the bHLH transcription factors FAMA and SCRM (Le et al., 2014). 
3.2.3.2 Stomatal signalling 
Stomatal closure, which enables plants to actively control water loss, is predominantly 
mediated by the phytohormone abscisic acid (ABA), particularly in flowering plants 
(Brodribb et al., 2017; Cai et al., 2017; Sussmilch et al., 2017a, 2019). ABA is detected by 
the receptor PYR/PYL/RCAR (PYLs) (Gonzalez-Guzman et al., 2012). When ABA is 
perceived, PYLs bind to ABA which, in turn, increases the binding affinity of PYLs to 
PROTEIN PHOSPHATASE 2Cs (PP2Cs). Together, they form a PYL-ABA-PP2C complex 
which inhibits the activity of PP2Cs (Park et al., 2009; Komatsu et al., 2013). Under normal 
conditions (in the absence of ABA), PP2Cs are bound to SNF1-RELATED PROTEIN 
KINASE 2s/OPEN STOMATA 1 (SnRK2s/OST1), a family of protein kinases which are 
enzymes that modify other proteins (Lind et al., 2015). The binding of PYLs and PP2Cs 
releases SNRK2s/OST1 which then activates downstream genes including SLOW ANION 
CHANNEL-ASSOCIATED 1 (SLAC1) (Geiger et al., 2009), GUARD CELL OUTWARD 
RECTIFYING K(+) (GORK) (Hosy et al., 2003), POTASSIUM CHANNEL IN 
ARABIDOPSIS THALIANA 1 (KAT1) (Sato et al., 2009) and QUICK-ACTIVATING ANION 
CHANNEL 1 (QUAC1) (Imes et al., 2013) anion channels as well as membrane water 
channels (aquaporins) such as PLASMA MEMBRANE INTRINSIC PROTEIN 2-1 (PIP2-





3.2.4 Insights into the evolution of plants on land 
As highlighted above, roots, vascular tissue and stomata play a key role in regulating plant 
water uptake and loss and the genetic toolkits underpinning these innovations are fairly 
well characterised. However, the evolution of the gene networks underpinning these 
innovations remains poorly understood. To address questions surrounding the origins of 
these key biological innovations in the context of the evolution of water regulation, a 
comparative genomics approach was used to investigate the evolution of the genetic 

















Figure 3.1. Plant-water relations have evolved in a stepwise manner. The tree 
demonstrates the evolutionary relationships of plants with silhouettes below (sourced from 
phylopic.org) illustrating species in each group. The dashed lines leading to each different 
water regulatory innovation denotes their origins. The colour is repeated within the boxes 
illustrating the genetic mechanisms associated with each innovation (Light blue: stomatal 
development, Dark blue: stomatal signalling, Orange: vascular tissue development, Light 
green: root hair, Green: primary root, Dark green: lateral root development). A key 






3.3 Results and Discussion  
3.3.1 Insights into root evolution 
3.3.1.1 Novel genes in land plants enabled the development of root hairs  
A bioinformatic approach was taken to identify homologous groups (HGs) of proteins of 
208 genomes including 178 plant species and an outgroup of 30 eukaryotic species 
(Bowles et al., 2020). HGs are identified as a set of proteins that have distinctly diverged 
from others. Genes important for root hair, primary root and lateral root development, 
vascular tissue development and stomatal development and signalling were identified in 
the literature (see Methods). The HGs containing these genes were extracted from the 
genomic dataset based on gene ID and taxonomic occupancy was analysed to identify 
novel and co-opted genes (Figure 3.1, Supplementary Data 3.1). A novel HG was defined 
as a set of genes present in the Last Common Ancestor (LCA) of a clade and absent in all 
outgroups. A co-opted HG was defined as a set of genes whose evolutionary emergence 
predates the function it is associated with (e.g. HG originating in the LCA of land plants 
linked to vascular tissue development). Co-opted HGs were identified as genes conserved 
across a clade of interest and present in sister group taxa. To investigate the diversification 
of genes, gene trees were inferred (Methods, Supplementary Data 3.2) and gene 
phylogenies were examined to identify the prevalence of gene duplications.  
Roots have functions related to nutrient and water uptake as well as anchorage and 
symbiosis. Under water stress, plants adjust their root system architecture by stimulating 
deeper primary and lateral root growth (Uga et al., 2013; Bao et al., 2014; Orosa-Puente 
et al., 2018; Ogura et al., 2019; von Wangenheim et al., 2020; Xiao et al., 2020). Root 
hairs in vascular plants and rhizoids in bryophytes act as the interface between plants and 
soil, enabling water uptake and transport (Jones et al., 2012; Kenrick et al., 2014). The 
analyses show that most genes involved in root hair development emerge with or before 





ENHANCER OF TRY AND CPC 1 (ETC1), are in a single HG and emerge in the ancestor 
of Spermatophyta, to promote root hair cell differentiation in flowering plants by repressing 
GLABRA 2 and 3 (Tominaga et al., 2008). This suggests that non-spermatophyte land 
plants develop root hairs without these genes and that greater control of root hair 
development evolved in the last common ancestor (LCA) of seed plants.  
 
 
Figure 3.2. The genomic basis of the evolutionary development of root hairs. Genetic 
network leading to the development of root hairs. Each gene is coloured based on its 
phylogenetic appearance. Phytohormones are coloured in solid orange. 
 
3.3.1.2 Novel genes in euphyllophytes enabled root growth towards water 
Fossil evidence supports at least two origins of roots in the evolutionary history of plants, 
once in the ancestor of lycophytes and the other in the ancestor of euphyllophytes (Raven 
et al., 2001; Hetherington et al., 2018). Analysis of genes involved in primary root 





search of HGs in two fern genomes (Li et al., 2018a) shows that two HGs, ARABIDOPSIS 
RESPONSE REGULATOR 12 (ARR12) and LATERAL ROOT ORGAN DEFECTIVE 
(LATD), have emerged in the LCA of euphyllophytes (Supplementary Data 3.3). Both HGs 
have been shown to modulate primary and lateral root growth and development, with 
responses to ABA and water deprivation. 
ARR12 regulates cell differentiation and meristem growth (Dello Ioio et al., 2007; 
Yokoyama et al., 2007; Moubayidin et al., 2010). The dynamics between ARR12 and 
PLETHORA (PLT) control meristem expansion, particularly the rate of cell differentiation 
during early development (Xie et al., 2018; Salvi et al., 2020). ARR12, ARR11 and ARR1 
triple mutants exhibit abscisic acid (ABA) hypersensitivity of primary root growth and 
increased drought tolerance (Huang et al., 2018). Under drought, ARR12 is down-
regulated as an adaptive mechanism to control root growth to cope with water deficit 
(Nguyen et al., 2016). These genes therefore play crucial roles in plant growth and 
development but also in the response to changes in water availability. LATD is also 
required for root and nodule meristem development (Léran et al., 2014). LATD mutants 
display defects in ABA responses and meristem organisation, arresting primary and lateral 
root growth (Liang et al., 2007). LATD modulates reactive oxygen species (ROS) levels in 
the root and in concert with ABA, modulate primary root elongation (Zhang et al., 2014a) 








Figure 3.3. The genomic basis of the evolutionary development of roots. Genetic 
network leading to the development of roots. Each gene is coloured based on its 
phylogenetic appearance. Phytohormones are coloured in solid orange. 
 
3.3.1.3 Novel and duplicated genes in seed plants enabled lateral root growth 
towards water 
Lateral roots are found on most euphyllophytes (Liu et al., 2018), but have evolved 
independently on multiple occasions (in ferns and in the LCA of seed plants) (Hetherington 
et al., 2020) (Figure 3.1, Figure 3.4). The origin of lateral root branching mechanisms in 
seed plants would have enabled greater phenotypic plasticity to water availability, allowing 
the LCA of spermatophytes to adapt to more diverse environmental conditions (Motte et 
al., 2019). The data presented here demonstrate that the majority of lateral root 
development genes predate the emergence of lateral roots, originating in the ancestors of 





functions in these rootless plants (Mutte et al., 2018; Vosolsobě et al., 2020). Three key 
genes, which after confirmation of absence in the two fern genomes, appeared with the 
origin of lateral roots (INDOLEACETIC ACID-INDUCED PROTEIN 12 & 28 (IAA12, 28), 
INFLORESCENCE DEFICIENT IN ABSCISSION (IDA) and RAPID ALKALINIZATION 
FACTOR (RALF) (Supplementary Data 3.3)).  
IAA12 and IAA28 are auxin-responsive proteins important in lateral root initiation and 
patterning (Stoeckle et al., 2018). Specifically, IAA28, in conjunction with ARFs and 
GATA23, is involved in the spacing of the lateral root founder cell, optimising the 
distribution of new root organs (De Rybel et al., 2010). IAA12, by suppression of ARF5, is 
involved in lateral root initiation, patterning and organogenesis, by activating the cell cycle 
to form lateral root primordia (Stoeckle et al., 2018). IDA is required for cell wall dissolution, 
by facilitating the separation of epidermal tissues, enabling lateral root primordia 
emergence (Zhu et al., 2019b). IDA is strongly induced by auxin, specifically through the 
module of IAA3 and ARF7 (Kumpf et al., 2013). Lateral root branching to water is 
dependent on the regulation of this auxin module, which subsequently influences IDA 
(Orosa-Puente et al., 2018). RALF, a signal peptide, regulates cell growth and expansion 
by interrupting brassinosteroid signalling (Bergonci et al., 2014). RALF1 inhibits cell 
elongation for primary root growth, lateral root formation and lateral root density (Bergonci 
et al., 2014; Murphy et al., 2014). Under drought stress, RALF1 modulates root hair growth 
and cell size, and together with other RALFs is implicated in stress responses of lateral 
roots (Murphy et al., 2014; Zhu et al., 2020).  
Hydrotropism is the directional growth of plant roots towards water and may help plants to 
efficiently obtain water under drought stress. However the precise signalling governing 
hydrotropism remains elusive (Dietrich et al., 2017; Shkolnik et al., 2018). Two genes, 
known to be involved in root development and hydrotropism, are MIZ1 and MIZ2/GNOM 
(Dietrich, 2018). Upon detection of a water gradient, the phytohormone, cytokinin, induces 





The data presented here infer that MIZ1 emerged in the ancestor of Embryophyta and 
diversified through a duplication event, also in the LCA of Embryophyta (Figure 3.4, 
Supplementary Data 3.2). Knockout mutants in MIZ1 showed no major differences in root 
growth but display altered hydrotropism (Iwata et al., 2013), suggesting that hydrotropism 
evolved in the ancestor of Embryophyta, and that root hydrotropism may have been crucial 
for the colonisation of land contributing to drought avoidance mechanisms (Supplementary 
Data 3.2) (Kobayashi et al., 2007; Shkolnik et al., 2018). The HG containing MIZ2/GNOM 
was present in the ancestor of Eukaryota with genes duplicating in the ancestor of seed 
plants, potentially responsible for hydrotropism of lateral roots (Figure 3.4, Supplementary 
Data 3.2).  
WOX genes, a subgroup of eukaryotic homeobox transcription factors, have important 
roles in plant development, particularly stem-cell maintenance and organ formation (e.g. 
roots) (van der Graaff et al., 2009). Due to their significance for plant development, all 
known Arabidopsis WOX genes were queried which were clustered into three HGs 
(Supplementary Data 3.1). Intermediate-clade WUSCHEL-RELATED HOMEOBOX (IC-
WOX; WOX 8,9,11,12) and WUSCHEL-clade WOX (WC-WOX; WOX 1-7) genes are 
clustered into two distinct HGs, with IC-WOX originating in euphyllophytes (after 
confirmatory queries of the fern genomes, Supplementary Data 3.3) and WC-WOX as 
conserved across tracheophytes. WC-WOX genes also have roles in vascular tissue 
development suggesting this as the initial explanation for their emergence. The results 
presented here corroborate recent work to infer that the origin and divergence of IC-WOX 
genes in euphyllophytes promoted root initiation (Liu et al., 2018; Yu et al., 2020).  
The development of increasingly morphologically complex rooting systems in the 
ancestors of Embryophyta, Euphyllophyta and Spermatophyta has enabled plants to 
access previously unavailable water sources and control growth in response to water 





duplicated genes is responsible for the emergence of plants with true roots with lateral 
branches.  
 
Figure 3.4. The genomic basis of the evolutionary development of lateral roots. 
Genetic network leading to the development of lateral roots. Each gene is coloured based 
on its phylogenetic appearance. Phytohormones are coloured in solid orange.   
 
3.3.2 Insights into the evolution of vascular tissue 
3.3.2.1 Vascular tissue evolved through a complex of genetic mechanisms  
In tracheophytes, also known as vascular plants, transport tissues xylem and phloem 
enable water to be transported through the plant and evaporated through stomata (Lucas 
et al., 2013). Lignified vascular tissue also provides mechanical support enabling plants to 
increase their body size and dominate terrestrial habitats. For example, the first trees in 





Only 3 HGs involved in vascular system development originated in the ancestor of 
vascular plants (Figure 3.5, Supplementary Data 3.2). These included WC-WOX4, 
SUPPRESSOR OF ACAULIS (SACLs) and NAC45/NAC86-DEPENDENT 
EXONUCLEASE-DOMAIN PROTEIN (NEN) families which are crucial components in 
vascular development (Vera-Sirera et al., 2015). Besides these novel genes, PHLOEM 
INTERCALATED WITH XYLEM (PXY) and TARGET OF MONOPTEROS 5 (TMO5) 
predate the origin of tracheophytes and are all involved in xylem differentiation and 
underwent duplications in the ancestor of tracheophytes (Figure 3.5, Supplementary Data 
3.2). Finally, several genes involved in the vascular system emerged in the ancestors of 
land plants, showing a patchy distribution in non-tracheophytes but are present in all 
tracheophytes. This retention of genes in the LCA of Tracheophyta suggests a vital 
function in vascular plants. Nine HGs fitted this criterion of co-option with either losses in 
Marchantia polymorpha or Physcomitrella patens (Figure 3.1). These HGs were found in 
all elements of vascular development pathways. These findings support the importance of 
gene duplications as well as repurposing of old genes for novel functions in the 
evolutionary development of the vascular system. Together these genetic processes 
contributed to the origin and evolution of one of the most successful plant groups, 












Figure 3.5. The genomic basis of the evolutionary development of vascular tissue. 
A. Heatmap displaying absence (white), partial presence (grey) and presence in all 
species (black) for genes involved in vascular tissue development. The tree at the top 
illustrates plant evolutionary relationships and the origin of vascular tissue (orange). B. 
Genetic network involved in cambium specification. Each gene, in figure 5B and 5C, is 
coloured based on its phylogenetic appearance. Phytohormones are coloured in solid 
orange. Duplicated genes are highlighted by boxes with dotted edges and co-opted genes 







3.3.3 Insights into stomatal evolution 
3.3.3.1 Stomata evolved once in the ancestor of land plants  
Stomata in bryophytes demonstrate a patchy distribution with absences in all liverworts 
and some mosses, but are found across all tracheophytes (Duckett et al., 2018). 
Functionally, stomata also differ between bryophytes and tracheophytes. In bryophytes, 
stomata are found only on sporangia and promote water loss for spore desiccation. In 
tracheophytes, stomata open to enable CO2 uptake and close to prevent water loss 
(Sussmilch et al., 2019; Harris et al., 2020). This raised questions about the single origin 
of stomata in the LCA of land plants or convergent evolution in the ancestors of vascular 
plants, mosses and hornworts. 
Of the 23 stomatal development genes, 21 predated or accompanied the origin of land 
plants (Figure 3.6, Supplementary Data 3.1). Using a genomic dataset for 178 plant 
genomes with comprehensive outgroup sampling (30 genomes), the stomatal 
development pathway was inferred to have originated in the LCA of land plants, reinforcing 
studies using transcriptome and other sequence data (Chater et al., 2017; Harris et al., 
2020). Stomatal formation involves a sequence of cell-fate transitions, from a meristemoid 
mother cell, to a meristemoid, to a guard mother cell, and eventually to the guard cell. In 
Arabidopsis thaliana, the basic helix-loop-helix (bHLH) genes SPCH, MUTE and FAMA 
are required consecutively to determine stomatal development (Figure 3.6). Additionally, 
the bHLH transcription factor SCREAM interacts with SPCH, MUTE and FAMA (Lau et al., 
2012). In the analysis, SCREAM was identified in all land plants, even Marchantia 
polymorpha, which does not have stomata. MUTE, SPCH and FAMA were identified to 
have originated in the LCA of Embryophyta and subsequently lost in Marchantia 
polymorpha, potentially accompanying the loss of stomata in liverworts. This suggests that 
bryophyte stomata and by extension the stomata of the first land plants develop in a similar 





stomatal density (Sugano et al., 2010), appears in the origin of vascular plants, the first 
time stomata appear on leaf-like structures (Figure 3.6). 
Of the three features investigated in this study, stomata were the only innovation with a 
strong association with the appearance of novel genes. In previous work, it was shown 
that the origin of the embryophytes was accompanied by a high number of gene novelties 
(Bowles et al., 2020). These HGs were found in all, or all bar one, land plant species in 
the genomic dataset. The data show that SCREAM is characterised as a novel gene family 
present in all Embryophyta. However, FAMA, SPEECHLESS and MUTE are lost in 
species of Alismatales, an order of monocots which are mostly aquatic, corroborating 
findings of gene loss from the genomes of Zostera marina (Olsen et al., 2016) and Z. 
muelleri (Lee et al., 2016a). Equally STOMAGEN involved in the regulation of stomatal 
density was lost in Alismatales species with the transition into aquatic environments 


















Figure 3.6. The genomic basis of the evolutionary development of stomata. A. 
Heatmap displaying absence (white), partial presence (grey) and presence in all species 
(black) for genes involved in stomatal development. The tree at the top illustrates plant 
evolutionary relationships and the origin of stomata (blue). B. Genetic network leading to 
the development of stomata. Each gene is coloured based on its phylogenetic 
appearance. Phytohormones are coloured in solid orange.  
 
3.3.3.2 Gene duplication enabled active stomatal control in the ancestor of seed 
plants 
Although stomata appear to have evolved in the ancestor of land plants, the regulation of 
stomatal function shows a clear distinction between different plant lineages. In bryophytes, 
fully differentiated stomata are unable to close, and are thought to have originally evolved 





are able to open and passively close offering some basic water saving capacity, although 
active stomatal closure has been identified in some fern species (Cai et al., 2017). In seed 
plants, active regulation of opening and closing provides rapid responses to water 
availability triggered by the accumulation of abscisic acid (ABA) (McAdam et al., 2013; 
Brodribb et al., 2017). This draws into question the evolutionary origin of active stomatal 
closure. 
Here it is demonstrated that genes involved in stomatal closure experience multiple 
duplications, predominantly in the ancestor of seed plants, suggesting potential 
neofunctionalisation of duplicate genes (Figure 3.7, Supplementary Data 3.2). Genes 
involved in the signalling of potassium and anion channels important for stomatal closure 
(QUAC1, KAT2, AKT1, GORK, CLC-C, CNGC) were present before the origin of land 
plants. Gene tree inferences revealed that these genes experienced duplications in the 
ancestor of seed plants (Figure 3.7, Supplementary Data 3.2). Importantly, the core 
SNRK2 (SNF1-RELATED PROTEIN KINASE 2) dependent ABA signalling pathway 
(PYL–PP2C–SNRK2) is found in all land plants, including in species without stomata. It 
has previously been shown the ancestor of land plants contained all genes necessary for 
ABA synthesis (Bowles et al., 2020) and has been suggested that the downstream 
signalling pathway has subsequently been co-opted during the evolutionary history of 
plants to actively regulate gas exchange (Brodribb et al., 2011; McAdam et al., 2012; 
Ghosh et al., 2016). The results presented here identify that SNRK2s are duplicated in the 
ancestor of Euphyllophyta. Furthermore, a HG containing PP2Cs (Protein Phosphatase 
2Cs), that regulates ABA activation, duplicated twice, once in the ancestor of 
Euphyllophyta and again in the ancestor of Spermatophyta. Additionally, important in the 
ABA induced stomatal closure signalling pathway is a group of PYLs (1-3) (PYR1-LIKE 1), 
an abscisic acid receptor, identified as present in the ancestor of seed plants (Figure 3.7).  
The data presented support the genetic re-wiring of ABA responses in the ancestor of 





genes in the ancestor of seed plants supports an evolutionary distinction of active stomatal 
control of monilophytes and seed plants. These duplications, in most notably anion and 
potassium channels, are associated with the specific mechanisms of stomata closure and 
therefore support the origin and evolution of active stomatal control in the ancestor of 
Spermatophyta. There is a possibility that there are unidentified genes in ferns that 
contribute to stomatal closure, that are absent in seed plants. This could mean that 
elements of the genetic toolkit for active stomatal closure evolved independently in the 
ancestor of ferns and seed plants, possibly with the convergent evolution of leaves 
(Tomescu, 2009). The significance of guard cell-specific expression of genes has been 
highlighted as important for stomatal closure and remains to be identified for many of these 
genes (Geiger et al., 2009). 
These findings suggest that gene duplications played an essential role in the transition 
from passive to active stomatal closure in the ancestor of Euphyllophyta and 
Spermatophyta, allowing plants to preserve water by actively restricting transpiration rates. 
These may be the product of whole genome duplication in the ancestor of seed plants 
(Jiao et al., 2011; Ruprecht et al., 2017; Leebens-Mack et al., 2019) or frequent gene 
duplication.  
3.4 Concluding paragraph 
The ancestor of land plants likely lacked the inability to regulate water content via structural 
or functional methods (Proctor et al., 2002). The evolution of stomata, vascular tissue and 
roots have increased the capacity of water transport and regulation of seed plants. The 
development of water regulatory features at every major step in the evolutionary history of 
plants highlights the role of water as a driver of plant evolution. Here the results 
demonstrate the role that gene novelty, gene duplication and gene co-option played in the 
evolution of water regulatory traits. Some of these genes evolved at the same time as the 
morphological innovation they are associated with (i.e., stomatal development genes), 





traits. Overall, the analyses shed new light on the evolution of the genetic basis of water 




Figure 3.7. The genomic basis of the evolution of stomata signalling. Genetic network 
involved in stomatal signalling. Each gene is coloured based on its phylogenetic 
appearance. Phytohormones are coloured in solid orange. Duplicated genes in the 
ancestor of Spermatophyta are highlighted by boxes with dotted edges. Duplicated genes 
in the ancestor of Euphyllophyta are highlighted by boxes with dashed edges. Duplicated 
genes in the ancestor of Tracheophyta are highlighted by boxes with dot-dash-dot edges. 
Asterisks indicate a HG that duplicates twice once in the ancestor of Euphyllophyta and 





3.5 Materials and Methods 
3.5.1 Homology assignment 
The pipeline approach has previously been described (Paps et al., 2018; Bowles et al., 
2020). Briefly, proteins were extracted for 208 plant genomes and similarity between 
proteins was identified with an all-vs-all BLAST (Altschul et al., 1990). Sequences were 
clustered into Homology Groups (HGs) using Markov Clustering (MCL) with a granularity 
score of 2 (Enright et al., 2002). Additionally for this study, HGs were extracted based on 
Uniprot gene IDs using the MCL_search_by_gene_name_2.pl script (Supplementary Data 
3.1) (UniProt Consortium, 2018). 
3.5.2 Genetic toolkit of stomatal development and signalling, vascular tissue 
development and root development 
Literature was searched to identify genes involved in developmental and signalling 
pathways of stomata, vascular tissue and roots. For stomatal development, a composite 
figure was made from Chater et al (Chater et al., 2017), Lau et al (Lau et al., 2012) and Le 
et al (Le et al., 2014). Stomatal signalling genes were identified from Cai et al (Cai et al., 
2017), Albert et al (Albert et al., 2017), Cotelle & Leonhardt (Cotelle et al., 2016). For the 
development of vascular tissues, genes from Ruonala et al were used (Ruonala et al., 
2017). Root development genes were identified in Jung & McCouch (Jung et al., 2013) 
whilst root hair development genes were identified in Vissenberg et al (Vissenberg et al., 
2020). For lateral root development, genes from Teixeira et al (Santos Teixeira et al., 
2019), Oh et al (Oh et al., 2018) and Verstraeten et al (Verstraeten et al., 2014) were used. 
The evolutionary development of stomata, vascular tissue and roots, is based on 
characterised genes in flowering plants, specifically based on Arabidopsis thaliana. 
Therefore, genes that are involved in stomatal, vascular tissue and root development in 





3.5.3 Gene tree inference 
A curated list of species was collated with representatives for each major plant group and 
was used to build gene trees. These were Cyanidioschyzon merolae (Rhodophyta), 
Cyanophora paradoxa (Glaucophyta), Bathycoccus prasinos (Chlorophyta), 
Klebsormidium flaccidum (Charophyta), Marchantia polymorpha, Physcomitrella patens 
(bryophytes), Selaginella moellendorffii (Lycophyta), Picea abies (Gymnosperms), 
Amborella trichopoda (ANA grade), Oryza sativa indica, Brachypodium distachyon 
(Monocots) and Arabidopsis thaliana (eudicots). Homology Groups were extracted based 
on the IDs for each gene and a file containing all gene IDs for all species was used to 
extract the protein sequences using the perl one liner ‘perl -ne 
'if(/^>(\S+)/){$c=$i{$1}}$c?print:chomp;$i{$_}=1 if @ARGV' ids.file all_fasta.file’. 
Homologous sequences were aligned using MAFFT using –auto parameter which 
automatically selects an appropriate alignment strategy (Katoh et al., 2002). Multiple 
sequence alignments were trimmed with Trimal using the heuristic method, automated1, 
to identify and remove poorly aligned positions. Gene trees (bootstrapped maximum 
likelihood phylogenies) were inferred using IQ-TREE, using the Bayesian Information 
Criterion (BIC) to select the best-fitting substitution model, specifying 100 bootstrap 
replicates (Nguyen et al., 2015). Trees were rooted against the latest plant phylogeny to 
infer gene innovations, duplications and losses. Trees were visualised in iTOL (Letunic et 
al., 2019).  
Trees were analysed to understand the evolutionary relationships of HGs to the 
innovations they are associated. Novel, Duplicated and Co-opted HGs were identified 
using the search criteria from Figure 3.8 (Figure 3.1, Appendix 3.1, 3.2, 3.3, 3.4). The trees 
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Figure 3.8. Evolutionary distinct classifications of HGs. For all examples of 
evolutionary distinct HGs, the genes relate to the origin of flowers, highlighted by the 
magnolia silhouette (sourced from https://phylopic.org). i. Novel HGs: as in Chapter 2, a 
Novel HG contains genes in the clade of interest, angiosperms, which here are 
represented by A. trichopoda, O. sativa and A. thaliana and absent outside the clade of 
interest (e.g. absent in G. biloba). ii. Duplicated HGs: These HGs contain genes that 
have duplicated in the ancestor of the clade of interest, in this case the LCA of 
angiosperms. These can be identified by comparing the gene tree (ii) to the species tree 





speciation. The green line connecting genes highlights two paralogous genes, related by 
duplication. iii. Co-opted HGs: Genes in these HGs predate the innovations they relate, 
e.g. the origin of flowers. Genes are present in the sister group (gymnosperms) to the 
clade of interest (angiosperms). However, in the sister group, they show a patchy 
distribution highlighted by plus (green) and minus (minus) symbol. Genes in these HGs 
are found in all species in the clade of interest suggesting that co-option of old genes for 































Chapter 4 Life out of water: the origin of drought and desiccation 
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It is commonly known that drought stress is one of the major constraints limiting crop 
production, decreasing productivity more than any other abiotic or biotic stress. Drought 
stress and associated drought resistance mechanisms are therefore under intense 
investigation with the view to future crop production with greater capacity for drought 
tolerance. Understanding the evolution of the highly complex and ambiguous trait, drought 
tolerance, may inform us about patterns of gene gain and loss in relation to diverse 
adaptations. By unravelling the evolutionary history of plants, the impacts of natural 
selection shaping genomes to adapt to stressful environmental conditions can be 
examined. Here, the evolution of drought and desiccation tolerance across the plant 
kingdom, Viridiplantae is investigated. First the transition of plants from water to land, and 
the role of desiccation tolerance in enabling this transition are considered, before 
discussing the first drought tolerant plant and common drought responses amongst 
vascular plants. Next, the distribution of a collective “drought adaptation” trait in ~180 
extant plant species defined in broad terms to encompass different experimental systems 
and definitions used in the current literature is reviewed and classified. By completing 
ancestral state reconstruction incorporating these definitions, the evolutionary history of 
this drought tolerance trait is mapped onto the plant tree of life. With an ever growing 
population, novel approaches need to be considered to sustainably feed future 
generations. Finally comments are provided on how incorporating this information into an 
evolutionary genomics framework can provide insights into the molecular mechanisms 
underlying drought adaptations which could offer insight for producing crops with greater 
capacity for tolerating drought. 
4.2  The pathway to the first land plants 
4.2.1 Water relations 
Water is essential for life on Earth. However, the relationships of the plant kingdom 





Viridiplantae were photosynthetic eukaryotes adapted for life in aquatic environments. The 
divergence of Chlorophyta and Streptophyta occurred approximately 1 billion years ago 
(Morris et al., 2018). The evolutionary innovations associated with this development 
enabled ancestral streptophytes to respond to novel environmental challenges which 
included extremes of UV, temperature and light (de Vries et al., 2018a, 2018b). 
Streptophyte algae are found in a range of brackish, freshwater and terrestrial habitats, 
which demonstrates their range of adaptations to water availability (Delwiche et al., 2015; 
Fürst-Jansen et al., 2020). Adaptations to these conditions involve many similar features 
of terrestrial stressors such as desiccation, salinity, pH and nutrient variation (de Vries et 
al., 2016). As such, it has been remarked that the adaptations needed for plants on land 
and shallow or transient water are highly similar (Donoghue et al., 2020).   
Studies of charophyte algae are revealing that features once thought to be unique to land 
plants, in fact first appeared in the ancestor of close algal relatives (e.g. associations with 
substrate microbiota) (de Vries et al., 2018a, 2018b; Nishiyama et al., 2018; Cheng et al., 
2019; Liang et al., 2019; Wang et al., 2019). To a certain extent, the ancestors of 
Streptophyta (and subgroups e.g. Phragmoplastophyta) were pre-adapted to life on land 
(Delaux et al., 2015). Sequencing of the Klebsormidium flaccidum genome revealed that 
ancestral charophytes acquired the fundamental machinery for land plant adaptation 
including hormone signalling, high intensity light and desiccation tolerance (Hori et al., 
2014). Analyses of further streptophyte algae have been shown they are able to tolerate 
periods of desiccation (Hori et al., 2014; Holzinger et al., 2015b). Whole genome 
sequencing of species either side of the transition to land is revealing much about the 
genetic innovations accompanying the development of land plants (Bowman et al., 2017; 
De Clerck et al., 2018; de Vries et al., 2018a, 2018b; Nishiyama et al., 2018). 
By using comparative analysis, the genetic toolkit aiding the conquest of land is being 
elicited. It is becoming clear that the backbone of phytohormone signalling, required for 
stress responses, either predates or accompanies the transition to land (Wang et al., 2015, 





differences in responses to water availability between charophyte algae (extreme) and 
land plants (specialised). This means that although many key genes evolved prior to the 
transition to land, specific responses and genetic re-wiring of stress response pathways 
occurred later in land plant evolution, allowing for greater adaptive plasticity to water 
availability.  
4.2.2 The first land plants 
Based on the latest fossil evidence and molecular dating, the first plants transitioned from 
aquatic to terrestrial environments approximately 500 million years ago in the Ordovician 
– Cambrian period (Rubinstein et al., 2010; Morris et al., 2018). All extant land plants 
descend from a single common ancestor (Wickett et al., 2014; de Vries et al., 2018a) and 
have since diversified into almost 400,000 species that have shaped modern ecosystems 
(Kenrick et al., 1997; Willis, 2017). Their rise to ecological dominance has enabled plants 
to colonize every continent on Earth. This involves adaptations to many extreme 
environments including arid deserts (Xiao et al., 2015; Copetti et al., 2017), marine 
environments (Olsen et al., 2016) and even the Antarctic (Lee et al., 2014). The origin of 
the first embryophytes was accompanied by the production of novel developmental and 
morphological mechanisms for adaptation to life on land (Bowman et al., 2017). Analysis 
of fossils from the Rhynie Chert, a well maintained fossil deposit in Scotland, suggests 
that in the Early Devonian, ~400 million years ago, plants were tolerant to high salt levels 
and osmotic stress, a key component of drought stress (Channing et al., 2009). 
Land plants have many adaptations for surviving in water limited environments. A common 
feature of embryophyte life cycles are reproductive structures with the capacity to survive 
desiccation (e.g. spores, seeds). Based on phylogenetic evidence, the desiccation 
tolerance of early land plants derived from a mechanism first developed in spores. 
Furthermore it has been shown that the responses of extant bryophytes has changed very 
little to those of early land plants (Oliver et al., 2005). It has been hypothesised that 





2000; Wood, 2007a). Therefore desiccation tolerance would have been a key component 
for the adaptations for life on land but importantly these plants would have lacked the 
ability to regulate water content, termed poikilohydry (Stevenson et al., 2016; Becker et 
al., 2020). Desiccation tolerance in bryophytes is common with over 200 of 2100 species 
verified as capable of this phenotype (Proctor et al., 2007; Wood, 2007b; Gao et al., 2017). 
In tracheophytes, also known as vascular plants, desiccation tolerance is less common. 
In the lycophytes, the majority of species are susceptible to desiccation, although a few 
tolerant species have been identified including Selaginella lepidophylla (Yobi et al., 2013) 
and Selaginella tamariscina (Wang et al., 2010). In the angiosperms, only 160 of 369,000 
flowering plant species have been confirmed as desiccation tolerant including all species 
in the genera Vellozia and Xerophyta (Wood, 2007b). Based on cladistic thinking, this 
implies that desiccation tolerance was lost in the ancestor of tracheophytes. The major 
occurrence of desiccation tolerance of seed plants is in the reproductive structures of 
pollen and seed embryos which is thought to have derived from the desiccation tolerance 
of spores (Gaff et al., 2013). 
4.3 Drought tolerance 
In vascular plant evolution, desiccation tolerance in vegetative tissue has been lost, in 
place of desiccation tolerance in spores and seeds (Xu et al., 2018). The responses to 
limited water in early tracheophytes diversified by increasing regulatory and morphological 
complexity (Lu et al., 2020). The origin of tracheophytes was accompanied by the 
appearance of a sporophyte dominant life cycle and vascular tissue (Harrison, 2017). 
These two innovations enabled plants to tolerate dry conditions and to control the internal 
movement of water and nutrients. This suggests that during the evolution of 
tracheophytes, early forms of drought tolerance originated.  
Throughout plant evolutionary history, controlled responses have evolved that allow plants 
to respond to the temporary lack of water (Park et al., 2009; Wang et al., 2015; Bowman 





morphological innovations linked to drought tolerance include stomata and roots. 
However, as these have been discussed in the previous chapter in depth, then they will 
be discussed no further. The evolution of other important features includes vascular tissue, 
specialised reproduction, euphylls and seeds (Harrison, 2017). The development and 
responses of these features are regulated by a network of genes and signalling molecules. 
Next, in this work, these key signalling pathways and genes for drought tolerance are 
discussed, investigating how these gene families have evolved across the plant 
phylogeny.  
4.3.1 Phytohormone signalling 
Studies have recently provided new insights into the evolution of phytohormone signalling 
pathways (Wang et al., 2015; Bowman et al., 2017, 2019; Nishiyama et al., 2018). It is 
becoming apparent that many components of phytohormone signalling pathways were 
present in the LCA of streptophytes. In the context of drought tolerance, abscisic acid 
(ABA) signalling is of particular importance (Franks et al., 2007). Comparison of 
phytohormone signalling in the streptophyte algae, Chara braunii, and the liverwort, 
Marchantia polymorpha, demonstrated that the majority of cytokinin, ethylene and ABA 
signalling pathways were present in the LCA of Streptophyta (Bowman et al., 2017; 
Nishiyama et al., 2018). PYLs, an important receptor in the ABA signalling process, have 
previously been identified to be highly conserved across all Embryophyta (Bowman et al., 
2017; De Clerck et al., 2018; Nishiyama et al., 2018). A recent study of six major 
streptophyte algal lineages identified the presence of PYLs in the charophycean algae, 
Zygnema circumcarinatum (de Vries et al., 2018b). This indicates that drought stress 
responses developed earlier than previously thought and are a key factor that enabled 
streptophytes to colonise terrestrial habitats (Ruszala et al., 2011). 
Bryophyte ancestors recruited PROTEIN PHOSPHATASE 2Cs (PP2Cs) to be able to 
regulate the pre-existing ABA mediated desiccation tolerance signalling pathways 





evolved (e.g. the SLAC1 anion channel modulated by SnRK2s for stomatal closure) 
(Brodribb et al., 2011). This ability to provide tightly regulated responses to drought 
through distinct ABA signalling channels would have provided ancestral land plants and 
descendants with a competitive advantage, contributing toward their proliferation.  
In extant plants, phytohormones function in drought responses of leaf shedding, cell 
division in plant roots and seed dormancy. It has been demonstrated that there are many 
land plant specific phytohormones allowing for tighter regulation of responses to abiotic 
stresses, for example, jasmonic and gibberellic acid were demonstrated to have emerged 
and evolved within embryophytes (De Clerck et al., 2018). However, studies have also 
shown these pathways may have served different functions in ancestral plants to their 
functions in extant plants (McAdam et al., 2016).  
4.3.2 Drought and Desiccation Tolerance Gene families  
Although, drought tolerance is a complex trait with many genes involved in the expression 
of responses, several gene families play a fundamental role. Cellular protection is known 
to be coordinated by LATE EMBRYOGENESIS ABUNDANT (LEA) proteins (Hundertmark 
et al., 2008). Originally involved in desiccation tolerance, LEA proteins have since been 
shown to enhance drought and heat stress tolerance in the vegetative plant tissue 
(Delahaie et al., 2013; Magwanga et al., 2018). Evolutionary analysis of LEA proteins 
found that gene families underwent rapid diversification in the ancestor of land plants, 
enabling adaptations to water limited environments. Furthermore, the study also identified 
subsequent diversification of the Group 4 LEA protein family in angiosperms, which 
accumulate under water stress (Artur et al., 2019). Detailed analysis of the expansions of 
LEA proteins in non-flowering plants and implications for plant adaptations to water limited 
environments remains to be determined. 
DEHYDRATION RESPONSIVE ELEMENT BINDING (DREB) transcription factors are 
another important gene family for drought responses (Agarwal et al., 2017) and are a 





AP2/ERF transcription factors originated in the ancestor of Viridiplantae and have 
subsequently diversified in the LCA of Embryophyta (Catarino et al., 2016). It is yet unclear 
the specific timing of the diversification of DREB transcription factors and the biological 
implications of their diversification. 
4.3.3 Distribution of drought adaptation in the plant phylogeny  
As highlighted above, many important physiological, structural and regulatory adaptations 
have arisen in response to drought stress, over the course of plant evolutionary history. 
Analysing the distribution of drought and desiccation tolerance in embryophytes could give 
important insights into the evolution of land plants, as well as the origins of drought 
tolerance. A similar approach has previously been used to map the distribution of 
halophytes, salt-tolerant plants, onto the land plant phylogeny. This demonstrated that salt 
tolerance evolved independently across different plant lineages (Flowers et al., 2010). In 
order to conduct such evolutionary analyses, it is important that the trait of interest (for 
example salt or drought tolerance) is clearly defined (Delaux et al., 2019). As such, in this 
chapter, a collective “drought adaptation” trait for the plant species in the genomic dataset 
described in Chapter 2 is defined, by conducting a thorough literature search. This 
definition is then applied in Chapter 5 to investigate the distribution of drought tolerance 
genes across the plant phylogeny. 
4.4 Methods 
4.4.1 Defining a drought adapted plant 
The great diversity of plant species means that it is easy to distinguish between plants 
requiring water to survive (defined as mesophytes) and plants adapted to live without it 
(xerophytes) (Xi et al., 2018). For example, the desert species Anabasis syriaca is a 
xerophyte since it can live without water for long periods of time, whereas Spinacia 
oleracea is described as a mesophyte since it requires a constant supply of water 
(Baydoun et al., 1985). However, plants with less extreme disparity in adaptation are much 





are a plethora of drought responses that have evolved including morphological, 
physiological and regulatory adaptations.  
The responses of individual plant species to drought are not always well-documented and, 
as such, the definition of drought adaptation is sparse across the plant phylogeny. Well 
studied species, such as Arabidopsis thaliana and Oryza sativa, have clearly defined and 
tested responses to drought stress. The drought responses of dehydration adapted plants 
are also evident, for example in the case of the resurrection plant, Boea hygroemetrica 
(Xiao et al., 2015) and the desert tree, Populus prunoisa (Yang et al., 2017b). However, 
there still remain many enigmatic plant species whose ability to tolerate drought has not 
been clearly evaluated or defined.  
Therefore, in this chapter, a literature search is conducted to create a collective definition 
of a drought adapted (and a drought sensitive) plant. A drought adapted plant would be a 
plant adapted to periods of variable precipitation and that is able to maintain biomass 
under such conditions. The literature search was conducted using relevant search terms 
and in relation to a species name (Table 4.1; Appendix 4.1). Terms were inputted into 
PubMed, Web of Science and Google Scholar. Based on the resulting papers, species 
were then categorised into drought adapted or drought sensitive classes. Species were 
said to be undefined if a drought term could not be clearly associated with a particular 
species in a paper in the literature. Additionally species were said to be undefined if there 
had been no attempts to characterise their response to drought. Short of characterising 
the drought adaptation of species individually, as has been completed for species in the 
genus Vigna (Iseki et al., 2016, 2018), this is an approach that can provide definitions for 









Table 4.1. Terms used in the literature search to categorise plants according to their 
drought response.  
 
Drought adapted Drought sensitive 
Drought tolerance Drought sensitive 
Drought avoidance Drought susceptible 
Drought escape Drought prone 
Desiccation tolerance  
 
 
4.4.2 Ancestral State Reconstruction  
Following the classification of plant species as either drought tolerant or drought sensitive, 
both Maximum Likelihood (ML) and Bayesian approaches were used to reconstruct the 
ancestral states of drought characters. Both methods are commonly used in phylogenetics 
but they differ in terms of input data and their methodology (Svennblad et al., 2006). Thus, 
outputs were compared between the two approaches. The ML approach aims to identify 
the character states at ancestral nodes that maximise the probability of the observed 
character states in extant plants (Felsenstein, 1981). Bayesian approaches aim to sample 
character histories from the posterior probability of the given data. Posterior probability is 
the probability of character states at ancestral nodes, given the distribution of character 
states in extant plants (Rannala et al., 1996). Similar support from both approaches for the 
evolutionary history of drought tolerance would provide robustness to the findings. 
4.4.2.1 Likelihood approach for ancestral state reconstruction 
Character states for each species (Appendix 4.1) and species relationships were entered 
into Mesquite. The species relationships were based on the NCBI taxonomy used in 
Chapter 2 (Federhen, 2012) and were entered in the form of a species tree without branch 
lengths. The Trace Character History option was used to analyse the evolutionary history 





Additionally, a domestication status (cultivated or wild species) was incorporated to 
investigate the influence of domestication on the loss of drought adaptations. The 
definitions of a cultivated and wild species were sourced from the genome papers of these 
plant genomes detailed in Appendix 2.1. 
4.4.2.2 Bayesian approach for ancestral state reconstruction  
4.4.2.2.1 Concatenation approach to build a species tree 
To complete the Bayesian approach to infer the evolution of drought tolerance, a species 
tree with branch lengths was required. To produce this tree, genes from 315 homology 
groups (HGs) present in all Archaeplastida were extracted from the computational pipeline 
described in Chapter 2. Specifying presence of all genes in all Archaeplastida species in 
the pipeline query ensures that data for all species is present. Due to the broad clustering 
of homology groups (compared to orthogroups), each HG contained more than one protein 
sequences per species. However, for gene tree inference, one gene per species per HG 
is required. As such, the first gene for each species for each HG was selected. 
There are several methods with which to build species trees from multi-gene datasets. 
These include a single step coalescent, two step coalescent approach and a gene 
concatenation approach. The later of these, the concatenation approach, has several 
strengths and has been used to infer the origin and early diversification of land plants 
(Wickett et al., 2014). This approach, incorporating phylogenetic inference from multiple 
gene alignments, provides a strong phylogenetic signal with which to build a robust 
species tree. 
As in previous chapters, the genes from each HG were individually aligned using MAFFT 
with the --auto parameter (Katoh et al., 2002) and trimmed using trimal with the 
automated1 option (Capella-Gutiérrez et al., 2009). PhyUtility was used to concatenate 
the trimmed gene alignments into a supermatrix, with the command ‘phyutility -concat -in 
*aligned.trimmed.files -out concatenated_supermatrix.nexus’ (Smith et al., 2008). Once 





identify each trimmed gene alignment. This was completed with the bash command ‘head 
-n 3 concatenated_supermatrix.nexus | tail -n 1 | sed 's/^.*\[//g' | sed 's/\s\].*$//g' | sed 
's/.fa.mafft.trimal_gene.\s/=/g' | tr " " "\n" | sed 's/^/AUTO,\s/g' >> partitions.txt’.  
Different sequences have different rates of evolution (Lopez et al., 2002). To account for 
this, parameters were altered in IQTree to determine the different rates of sequence 
evolution for each individual gene alignment (Nguyen et al., 2015). To improve the speed 
of analysis, the command ‘iqtree –s concatenated_supermatrix.nexus -spp partitions.txt -
m TESTMERGE –rcluster 10 -bb 1000‘ was used. The option –m TESTMERGE specifies 
that a subset of models of evolution, which are invariable site and Gamma rate 
heterogeneity, are used to save computational time (Lanfear et al., 2017). The –rcluster 
10 option specifies that only the top 10% of partition merging schemes are considered. 
The –bb 1000 option specifies 1000 ultrafast bootstraps. The species tree produced was 
used in subsequent analysis (Supplementary Data 4.2). 
4.4.2.2.2 Ancestral State Reconstruction using the Bayesian approach 
Phytools can be used to estimate ancestral character states for discretely valued traits 
(Revell, 2012), in this case drought adaptations. Phytools was run using a continuous-time 
Markov chain (MCMC) model. Initially, data were mapped onto the species tree built from 
the concatenation approach detailed above (Fig. 4.1). The MCMC approach is used to 
sample character histories from their posterior probability distribution, termed stochastic 
character mapping (Huelsenbeck et al., 2003). To sample a greater portion of the 
distribution of the character history, 100 stochastic maps were produced and plotted (Fig. 
4.2). The results of these sets of stochastic maps were then summarised and have been 









Figure 4.1. The distribution of drought response categories on a species tree of 178 
plant species built from concatenation analysis of 315 universal genes. The colours 
of terminal nodes represent the drought response status of each species as defined by a 







Figure 4.2. 100 stochastic character trees with the mapped drought response 
categories (Drought adapted: red, Drought sensitive: yellow, Drought response 
uncharacterised: blue, Outgroup taxa: black). 
 
4.5 Results 
4.5.1 Definition and distribution of drought tolerant plants  
Of the 178 plant species included in the literature search, 74 were recognised as drought 





could be assigned (Appendix 4.1). These species were found to be distributed across the 
plant phylogeny, occurring in all major evolutionary groups (Figure 4.1).  
4.5.2 Maximum Likelihood approach to ancestral state reconstruction of 
drought adaptation  
Using the likelihood approach in Mesquite, ancestral state reconstruction of drought 
adaptations was completed for all green plants (Fig. 4.3). The analysis suggested that the 
last common ancestor (LCA) of Streptophyta was likely to be drought adapted. Further 
investigation of the literature suggests that these plants were desiccation tolerant, which 
is the capacity to survive near complete dehydration (Oliver et al., 2000), since the early 
diverging extant species are also desiccation tolerant (Fig. 4.3). This includes the 
streptophyte algae Klebsormidium flaccidum (Hori et al, 2014) and Zygnema 
circumcarinatum (Becker et al., 2020) and the bryophytes Physcomitrella patens (Xiao et 
al., 2018) and Tortula ruralis (Proctor et al., 2007).  
Furthermore, the analysis revealed that the LCA of vascular plants was likely to have been 
a drought adapted plant (Figure 4.3). This further suggests that tolerance to drought as an 
adaptation was acquired once which potentially occurred with the development of vascular 
tissue and a sporophyte dominated lifestyle (Harrison, 2017). Drought tolerance appears 
to have been highly retained which suggests that, for any drought sensitive species that 
appear later than this ancestor, the ability to adapt to drought has subsequently been lost. 
Spirodela polyrhiza (duckweed) (Wang et al., 2014d), Zostera marina (Olsen et al., 2016) 
and Zostera muelleri (Lee et al., 2016a) are in the order Alismatales and have all adapted 
to an aquatic lifestyle (i.e. Zostera are a genus of seagrasses). Thus, drought tolerance 









Figure 4.3. Distribution and Ancestral State Reconstruction of drought adaptation 
across the plant phylogeny. Blue terminal nodes indicate where a plant is drought 
adapted, white terminal nodes indicate drought sensitivity and grey striped nodes indicate 
that a drought status could not be assigned. Internal nodes indicate ancestral state 
reconstruction of drought adaptations completed using likelihood methods in Mesquite. 
The green dot denotes the last common ancestor of Streptophyta and the orange dot 






During the domestication process, artificial selection can lead to the loss of genetic 
diversity (Doebley et al., 2006). For example, common signatures of selection include 
grain retention (for example, in rice, barley and wheat), reduction of lateral branching (for 
example in maize and sunflowers) and modifications to flowering-time (Ross-Ibarra et al., 
2007; Olsen et al., 2013; Kantar et al., 2017). Such indirect effects of domestication have 
also led to the loss of particular stress tolerance traits, including drought tolerance (Yu et 
al., 2008; Zhu et al., 2019a; Wang et al., 2020b, 2020a).  
In the same manner as drought adaptations above, domestication statuses for the same 
set of plant species were assigned. These statuses were exclusively sourced from the 
genome paper of each plant genome. To investigate the impact of domestication on the 
loss of drought tolerance, both the domestication history and plant drought statuses were 
mapped across the plant phylogeny (Fig. 4.4). Drought sensitivity appears to be common 
amongst many of the major crop species. In fact, drought sensitivity is predominantly found 
in crop species, suggesting domestication could potentially explain the loss of drought 
tolerance for many species. The only cases of loss of drought tolerance in wild species 
were found in the order Alismatales, as well as in the non-flowering plants, Selaginella 
moellendorffii and Gnetum monatum. The ancestral states of the last common ancestor of 
land plants was drought adapted and wild. Therefore, for any plants that are drought 











Figure 4.4. Distribution of domesticated and drought adapted species across the 
plant phylogeny. Grey striped nodes indicate that a drought status could not be assigned. 
Ancestral state reconstruction was completed using likelihood methods in Mesquite. The 
green dot denotes the last common ancestor of Streptophyta and the orange dot denotes 
the last common ancestor of Tracheophyta. 
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4.5.3 Bayesian approach to ancestral state reconstruction of drought 
tolerance  
The species tree built to infer the evolutionary history of drought tolerance broadly 
supports the most up-to-date view of plant evolution (Figure 4.5). The analysis identifies 
that Rhodophyta are sister to a clade containing Glaucophyta and Viridiplantae (Figure 
4.5), which is in agreement with a recent analysis of early Archaeplastida evolution from 
the 1000 plant transcriptomes project (Leebens-Mack et al., 2019) and also a previous 
study investigating the Cyanophora paradoxa genome (Price et al., 2012). The 
relationships of the remaining non-flowering plants are broadly in agreement with current 
evolutionary thinking. The charophyte, Klebsormidium flaccidum, is sister to land plants 
whilst gymnosperms are recovered as the sister group to flowering plants (Figure 4.5). 
The only discrepancy in the evolutionary tree is that Selaginella moellendorffii, a lycophyte, 
is placed in a clade with the two bryophytes in the dataset (Figure 4.5). This difference 
might be caused by the fact that the first gene from each Homology Group was chosen for 
building the species tree, as opposed to the longest gene which might have provided a 
greater amount of sequence information with less fragmentation. Alternatively, this could 
be caused by variation in sequencing quality across the Selaginella moellendorffii genome 
(Banks et al., 2011). Broadly, the flowering relationships supported the current view of 
plant evolution, that is, that the ANA grade angiosperm, Amborella trichopoda, is a sister 
to the Mesangiospermae, which consists of the Eudicots and Monocots (Figure 4.5, Chase 
et al., 2016).  
As the species tree supports the most current topology of plant evolution it could reliably 
be used for the ancestral state reconstruction of drought tolerance. A Bayesian approach 
to ancestral state reconstruction identifies similar patterns for the evolution of desiccation 
and drought tolerance to those identified using the maximum likelihood approach 
described above (Figures 4.3-4.5). For instance, the LCAs of land plants and seed plants 
were drought adapted, most likely desiccation tolerant and drought tolerant respectively 





drought tolerance with such losses identified in the order Alismatales and also across 










Figure 4.5. Ancestral state reconstruction of drought adaptation on a species tree 
of 178 plant species. The species tree was built from concatenation analysis of 315 
universal genes. Branches are coloured by drought response status. Pie charts represent 





common ancestor of Streptophyta and the orange dot denotes the last common ancestor 
of Spermatophyta. 
4.6 Discussion and Conclusion 
4.6.1 Ancestral state reconstruction of drought adaptations 
In this chapter, a collective ‘drought adaptation’ trait was defined by querying the literature 
for drought response terms in reference to each species in the genomic dataset. Ancestral 
state reconstruction, using both maximum likelihood and Bayesian methods, was then 
used to map this trait onto the plant phylogeny. This revealed that the last common 
ancestor of Streptophyta was drought adapted. Based on a further search of the literature, 
this suggested that the ancestor of Streptophyta was desiccation tolerant and the ancestor 
of vascular plants was drought tolerant. The major occurrences of drought sensitivity were 
in crop species suggesting plant domestication as the selective pressure leading to the 
loss of drought adaptation. 
An important point to note here, is that the majority of genomes are those of crop species 
and are mainly found within the flowering plants. It has previously been noted that a greater 
number of plant genomes from a diversity of plant species will be needed to understand 
the evolution of key traits and the diversity of plant life (Rensing, 2017). The inclusion of 
further genomic data will improve our understanding of a diverse number of adaptations 
and aid gene discovery for the improvement of crop stress tolerance. It would also provide 
further clarity on whether there are a greater number of instances in which drought 
sensitivity occurs in wild plant species and whether there are further factors that have 
driven the loss of drought adaptations other than the indirect effects of domestication. 
4.6.2 Defining a collective drought tolerance trait 
Defining a collective ‘drought adaptation’ trait is complex as there are a wide range of 
responses that plants adopt in response to drought. In this work, a collective ‘drought 
tolerance’ trait was defined by querying the literature for drought response terms in 





therefore, produces a binary outcome, where a plant is either drought adapted or drought 
sensitive. In reality, drought tolerance responses are far more diverse, but approaches 
that aim to capture this diversity are limited.  
Work on a method to define drought tolerance has begun in the TRY trait database, a 
global database of curated plant traits (Kattge et al., 2020). The database release in 2020 
investigated the prevalence of species tolerance to drought which incorporated a low, 
medium and high level of tolerance. This approach aims to categorise a drought tolerance 
trait for a broader range of taxa. To date, the ‘species tolerance to drought’ trait has been 
categorised for 3324 species (Kattge et al., 2020), although this does not cover all the 
species in the genomic dataset. There are limitations with this method, similar to the 
approach detailed in this study, that there are only three categories of drought tolerance. 
The TRY database is also still under construction, with trait representation only for 
euphyllophytes. 
An additional approach for defining a collective ‘drought tolerance’ trait could be to include 
information about the geographical distribution of plant species. Some genome papers 
provide information about the geographical location of the plant material used to sequence 
the plant genome. For some species, this data is even listed as longitude and latitude 
coordinates, for example, plant material for the Zostera marina genome was sourced from 
Fårö Island, Sweden (latitude: 59° 55.234' N, longitude: 21° 47.766' E, Olsen et al., 2016). 
Additionally, the global occurrence and severity of drought has been investigated 
(Sheffield et al., 2008). With information about the geographical occurrence of drought, 
plant species could be defined based on their location in a drought prone region. However, 
there are limitations with this approach, for example, plant material sampled from a botanic 
garden or grown in a laboratory which are outside a plant’s natural geographical range. 
Additionally, drought can be experienced at a highly localised level which may not be 





4.6.3 Potential impact for gene identification 
Despite the caveats given above, it was demonstrated, in this body of work, that drought 
adapted plants are present across the plant phylogeny. This has highlighted how plant 
relationships with water have changed over the last billion years. Defining drought 
tolerance, understanding its evolution and the loss of this trait in certain lineages has 
important consequences for our mechanistic understanding of drought responses and 
could have implications for our ability to manipulate crop productivity. Drought tolerance 
is repeatedly referred to as one of the major constraints limiting crop production 
(Ramegowda et al., 2017; Yu et al., 2017; Roca Paixão et al., 2019; Bao et al., 2020). It 
therefore threatens global food security which has become increasingly important given 
the severe effects of global climate change accompanied by human population growth 
(Godfray et al., 2010, 2014).  
Despite the predicted increase in the frequency of droughts, there are still relatively few 
drought tolerant crops. Stress tolerant crops will be crucial for sustainably feeding future 
populations (Godfray et al., 2010; Garnett et al., 2013). Novel approaches that can be 
used to identify candidate genes could be valuable for improving drought tolerance in 
crops (Tuberosa et al., 2006; Umezawa et al., 2006; Cattivelli et al., 2008; Ashraf, 2010). 
For example, crop wild relatives are considered to be a pool of genetic resources for 
engineering stress tolerant crops (Iseki et al., 2018). With this in mind, examining the 
distribution of drought responses across the plant phylogeny may shed light on shared 
genes and their potential functions in drought tolerance. By exploring the genetic 
framework underlying these traits in the context of evolution, the genes and the associated 
changes in gene sequences responsible for diverse adaptations may be illuminated. 
Patterns of gene gain, loss, diversification or contraction can be indicative of gene function. 
For example, an analysis of transcriptome and genome data from across green plants 
found that the LCA of Streptophyta gained genes for fungal symbiosis before the transition 
to land. This algal ancestor was preadapted for this beneficial interaction, potentially aiding 





enabling closer relationships with arbuscular mycorrhizae, which further promoted the 
diversification of land plants (Delaux et al., 2015).   
An example of gene loss being indicative of gene function comes from the analysis of 37 
flowering plant genomes, of which, some species exhibit nitrogen-fixing root nodule 
symbiosis (Griesmann et al., 2018). Predominantly found in legumes, this symbiosis 
enables plants to benefit from nitrogen produced by bacteria hosted in root nodules. 
Analysis found that the loss of a key symbiotic regulator gene NODULE INCEPTION could 
explain the loss of nitrogen-fixing root nodule symbiosis. This information suggests a 
single origin of this symbiosis in the ancestor of Fabales, Rosales, Cucurbitales and 
Fagales followed by multiple independent losses (Griesmann et al., 2018).  
Equally, lineage specific gene group expansion and contraction could relate to novel 
drought adaptations. Some gene groups, in reference to a plant lineage, can radiate more 
or less readily and this can act as an indicator of the biological adaptation they relate to 
(Brockington et al., 2015; Yang et al., 2015). For example, genome analysis of the orchid 
species, Apostasia shenzhenica, Phalaenopsis equestris and Dendrobium catenatum, 
found that distinct diversification patterns of MADS-box genes (MINICHROMOSOME 
MAINTENANCE FACTOR 1/ AGAMOUS/ DEFICIENS/ SERUM RESPONSE FACTOR) 
are responsible for orchid flower developmental evolution (Zhang et al., 2016, 2017a). In 
P. equestris, B-AP3 Class and E Class MADS-box gene families have expanded leading 
to the development of a specialised labellum, the part of an orchid flower that attracts 
pollinating insects. In A. shenzhenica, AGL12 (AGAMOUS-LIKE 12) and ANR1 
(ARABIDOPSIS NITRATE REGULATED 1) gene families have also expanded enabling 
adaptations to terrestrial habitats in this orchid; these genes have been lost in P. equestris 
which is an epiphytic orchid. 
Therefore, as exemplified above, the origin and diversification of genes in relation to 
adaptations of interest can be investigated, in this case, to predict potential drought 
tolerance genes. By comparing gene content of the genomes analysed in the Chapter 2 





gene loss and gene family contraction can be elucidated and, as such, will be further 
investigated in Chapter 5. 
 




















































Feeding the world sustainably is becoming a major global challenge, particularly with the 
forecasted increase in world population growth and climate change. The development of 
stress tolerant crops will be crucial to enable us to attain this increase in yield. To achieve 
this, novel techniques need to be developed, for example those that facilitate the 
identification and characterisation of candidate genes that confer greater ability to tolerate 
abiotic stressors, including drought stress. Detailed here is a novel evolutionary approach 
to identify candidate drought tolerance genes that may function across a clade. Gene 
expression analysis provides preliminary evidence of the role of these identified candidate 
genes for plant adaptations to drought. Additional work is also described which would allow 
for the full characterisation of these candidate genes. It is hoped that the application of 
this novel gene identification approach could allow for the development of stress tolerant 
plants and would therefore contribute to future-proofing global food demands.  
5.2 Introduction 
Food security has become an increasingly important issue on the global agenda, as it is 
estimated that, by 2050, the world population will have risen to between 9 and 9.7 billion 
people (Godfray et al., 2010). Feeding an additional 2 - 2.7 billion people in less than 30 
years, but in a sustainable manner, represents an enormous challenge (United Nations 
DESA., 2015). Due to this pressure, there is an increasing emphasis on developing 
methods that enable the sustainable intensification of agriculture.     
Drought is one of the major abiotic stressors which adversely affects crop plants, limiting 
their growth and yield potential. Developing crops that have a greater tolerance of such 
stressors is likely to play an important role in producing higher yields from the same area 
of land (Godfray et al., 2014). With an emphasis on sustainably intensifying agriculture, 
identifying the natural variation associated with plant adaptations to drought has become 





A common method of improving crop adaptations to water shortages is to study the genetic 
underpinnings of drought tolerance.  
Increasingly, novel approaches are needed to identify drought tolerance genes. Very few 
studies have used phylogenetic approaches which investigate the evolution of drought 
tolerance across a broad range of taxa. However, with the advent of modern sequencing 
technologies, genetic and genomic data are becoming increasingly available for a wide 
range of plant species, allowing for powerful insights into plant diversification (Li, 2018). 
By unravelling the evolutionary history of plants, the genomic consequences of plant 
adaptation to differing environmental conditions can be examined.  
One way to understand the evolution of adaptations to stressors such as drought is to 
examine the origin and diversification of genes associated with these adaptations (Nagy 
et al., 2020). In Chapter 2 of this thesis, the origin of land plants was identified to have 
been accompanied by the emergence of a large number of novel genes, more than have 
arisen at any other point in the history of the plant kingdom. In Chapter 3, distinct patterns 
of gene novelty and diversification were identified which were associated with specific 
anatomical innovations. In Chapter 4, drought adaptations were mapped onto the plant 
phylogeny to understand the emergence and evolution of this trait. By combining the 
rationale behind these three bodies of work, it may be possible to detect signatures of 
genome evolution related to the occupancy of traits, such as drought tolerance, in 
particular lineages. 
Carrying this work forward, patterns of gene retention in relation to lineage specific 
adaptations could be indicative of gene function. For example, a recent comparative 
analysis of 72 streptophyte genomes, which focussed on the evolution of metabolic 
pathways, found that genes essential for the synthesis of selenocysteine were present in 
streptophyte algae but absent in land plants. Previously, selenocysteine, which is required 
for optimal growth, has been identified in bacteria, mammals and green algae but never in 





analysis confirm the metabolic loss of selenocysteine biosynthesis during land plant 
evolution (Cannell et al., 2020). 
A further example of patterns of gene loss in relation to lineage specific adaptations comes 
from an analysis of Alismatales genomes, an order of predominantly aquatic flowering 
plant species (Wang et al., 2014d; Lee et al., 2016a; Olsen et al., 2016). Due to its aquatic 
lifestyle, the Spirodela polyrhiza (common duckweed) genome is characterised by the loss 
of genes that are associated with water transport as well as those involved in cell wall 
organization which is consistent with its specialized morphology (Wang et al., 2014d). 
Similarly, an analysis of the genomes of two species of seagrass, Zostera marina and Z. 
muelleri, revealed major losses of genes related to UV light resistance, stomatal 
differentiation, volatile production (for airborne communication) and ethylene biosynthesis, 
consistent with its marine lifestyle (Lee et al., 2016a; Olsen et al., 2016).  
In addition to gene losses, lineage specific gene group expansion and contraction could 
equally be related to novel drought adaptations. Some gene groups, in reference to a plant 
lineage, can radiate more readily and this can serve as an indicator of the biological 
adaptation they relate to (Brockington et al., 2015; Yang et al., 2015). For example, an 
analysis of the genomes of the Venus flytrap and other carnivorous plants found that the 
expansion of specific gene groups enabled the evolution of particular hunting strategies 
e.g. snap traps, pitfall traps, flypaper traps. The analysis also identified large scale gene 
loss and gene group contractions in relation to root development and nutrient acquisition 
(Palfalvi et al., 2020). 
In the previous chapter, it was identified that the last common ancestor of land plants was 
desiccation tolerant (tolerant of extreme water shortages) and the last common ancestor 
of vascular plants was likely to be drought tolerant (tolerant of intermittent water 
shortages). With this ancestor being drought tolerant, any cases of drought sensitivity 





likely to have been accompanied by marked patterns of gene loss and gene family 
contraction related to drought tolerance. 
By comparing gene content in relation to the drought adaptations defined in Chapter 4, 
these patterns of marked gene loss and gene family contraction can be elucidated. 
Tackling this challenge from an evolutionary genomics perspective is a novel approach 
and aims to reveal undiscovered genes that aid plant adaptations to drought. The 
motivations for this research are twofold; first, to address fundamental questions about 
how the diversity of plant life arose and, secondly, to apply this evolutionary thinking to 
produce transgenic plants with a greater tolerance of drought. Applying this comparative 
genomic approach could allow the development of high yielding, sustainable crop varieties 
with greater water use efficiency. Additionally, applying this approach to other abiotic 
stressors and lineage specific adaptations could reveal genes that are relevant to other 
biological adaptations, such as salt tolerance and nitrogen fixation. 
The work below describes a novel method to identify a list of candidate genes that are 
thought to be involved in drought tolerance. Subsequently, experimental analysis is 
detailed that aims to characterise the function of a selection of these candidate drought 
tolerance genes. The model organism Arabidopsis thaliana and a wild extremophile 
relative, Thellungiella parvula, were chosen for experimental analysis of putative 
candidate drought tolerant genes. This is based on the evidence, as shown in Chapter 4, 
that A. thaliana is a drought sensitive plant whilst Thellungiella parvula is a drought 
adapted plant. Several recent studies have used overexpression and gene knockout 
experiments to highlight the function of genes involved in plant drought tolerance 
(Ramegowda et al., 2017; Yu et al., 2017; Roca Paixão et al., 2019; Bao et al., 2020). 
Therefore, the proposed experimental design aimed to knock out candidate genes from T. 
parvula and overexpress them in A. thaliana to investigate the impacts of gain and loss of 






5.3.1 Methods overview  
 The methods detailed below described the evolutionary approach to identifying and 
characterising novel drought tolerance genes. A summary of this approach is provided 
below (Figure 5.1), which begins by analysing plant genome data in relation to drought 
adaptations, leading to experimental analysis that attempts to validate computational 
findings.  
 
Figure 5.1 Overview of methods used in this chapter. Blue squares highlight 
computational analysis, orange squares highlight experimental analysis and green 





5.3.2 Identifying novel drought tolerance genes   
The drought adaptation status for each plant within the genomic dataset described in 
Chapter 4 (containing 178 plant genomes) were incorporated into scripts of the 
computational pipeline. In Chapter 2, the pipeline was queried with an interest in 
taxonomic occupancy to identify gene novelties that accompanied the origin of land plants 
and other taxonomic groups (Supplementary Data 5.1). In the same manner, the pipeline 
was queried with an interest in the occupancy of drought tolerance. Preliminary queries 
investigated broad scale occupancy of genes across the plant tree of life in relation to 
drought adaptations. Secondary queries of the pipeline investigated gene absences in 
drought sensitive species to establish whether cases of drought sensitivity were linked to 
losses of the same genes. Further to this, the presence of these genes was quantified 
across the remaining land plant species to confirm that these genes were likely to be 
important in drought tolerance and were not simply lost in the majority of land plants. 
5.3.3 Small Scale Gene Loss 
To investigate gene loss within closely related taxa, clades with representatives for 
drought tolerant and drought sensitive species were identified. Gene loss at the clade level 
was next investigated by querying the pipeline using gene presence (for drought tolerant 
species) and gene absence (for drought sensitive species). To identify a list of candidate 
genes, a series of taxonomic queries of the computational pipeline were conducted, 
specifying gene absence in drought sensitive species and gene presence in drought 
tolerant species (Supplementary Data 5.2). As introduced above, these genes needed to 
be absent in A. thaliana (drought sensitive) and present in T. parvula (drought adapted). 
With this in mind, homology groups (HGs) were filtered to ensure absence in A. thaliana 
and presence in T. parvula. The outputs of these queries were then used in downstream 





5.3.4 Analysis of protein domains  
To predict the potential function of candidate genes and reduce the list of candidate genes 
to a number that was viable to experimentally validate, protein domains of each HG were 
analysed based on T. parvula genes. Specifically, pfam (Finn et al., 2014) and 
interproscan (Jones et al., 2014) analyses were conducted to provide insights into any 
known classification and function of protein domains of the potential drought responsive 
HGs identified in the small scale gene loss queries.  
5.3.5 Synteny analysis of possible DT genes  
Due to the taxonomic nature of the queries of the genomic dataset, that is ensuring gene 
absence in A. thaliana and gene presence in T. parvula, there are no genes in A. thaliana 
that are homologous to the candidate drought tolerance genes identified in T. parvula. As 
one of these homology groups was identified as a potential retrotransposon (see results) 
and could therefore potentially control the expression of surrounding genes, synteny 
analysis was used to identify any blocks of genes shared between A. thaliana and T. 
parvula adjacent to the focal genes for all HGs. The Gevo and SynFind function of CoGe 
(CoGe: Comparative Genomics, 2020) and Genomicus plants (Louis et al., 2013, 2015) 
were used to view the syntenic regions surrounding the focal gene of interest. Outputs 
were illustrated in Inkscape (The Inkscape Project, 2019).  
5.3.6 Primer design  
Based on HG taxonomic occupancy, pfam and synteny analysis, a selection of candidate 
drought tolerance genes and their syntenic counterparts in A. thaliana were chosen and 
their expression was tested via qPCR in the laboratory. Forward and Reverse primers 
were designed for each gene using Primer 3 (Untergasser et al., 2012), factoring in the 
likelihood of primer dimers forming during amplification, as well as other secondary 
structures (Table 5.1). Primers were also designed for two housekeeping genes (PP2AA2 





Table 5.1. List of primer sequences used in qPCR experiments to validate the 
expression of candidate drought tolerance genes. HG = homology group number. HK 
= housekeeping genes used for normalising gene expression data. 
HG Gene Sequence Annealing 
temperature 
72 Tp4g06740 F TCGTTCACCTTGTCTGAGCT 58.96 
72 Tp4g06740 R TAAACCGGCCCAAATCCTCC 60.03 
72 Tp4g06680 F AATACAGTTCAGCCCCGTGG 60.04 
72 Tp4g06680 R CTCTGTCCACCCACGTCAAA 59.89 
72 Tp4g06700 F TCTGGAGGAGAAAGGAGGGA 58.91 
72 Tp4g06700 R GCGGTCCTTTGCACACATAA 59.12 
72 ARSK1 (AT2G26290) F CACGGAGGGAACAAAGCCTA 59.68 
72 ARSK1 (AT2G26290) R ACCTGAGCCGCTTCTGTTTT 60.18 
72 GPA1 (AT2G26300) F GCAAGAGTTCGCACAACTGG 60.04 
72 GPA1 (AT2G26300) R ACCCACGTCAAACAATCGGT 60.18 
72 Tp7g04180 F ACGAGTGGCTCATCAAGGTG 60.04 
72 Tp7g04180 R AGGTCTTCTTGCATCGCCTC 60.11 
72 Tp7g04210 F TGGATGTGGAGTTGTGGTGG 59.89 
72 Tp7g04210 R ACCCCAAGTCACACATATCCC 59.44 
72 NIP4;2 (AT5G37820) F TCTCTGGATGTGGAGTAGTGGT 59.96 
72 NIP4;2 (AT5G37820) R CCCCAAGTCACACAGATCCC 60.04 
72 Tp7g04200 F CGGAAAGGAGGGGAGTTAGC 59.82 
72 Tp7g04200 R GCTGATCTTCGTTGGGACCA 60.04 
72 OXP1 (AT5G37830) F GCTAGTAGAGGTCACCACGC 59.9 
72 OXP1 (AT5G37830) R GCAGCTCCTTCCTCCCAAAT 60.03 
72 Tp7g04170 F GGTTGTTCCCCTGGCTTCTA 59.3 
72 Tp7g04170 R AAGCTTCCCTGCCATCTTCC 60.03 
72 SOS4 (AT5G37850) F AATGACGACGCCTCCAGTTC 60.39 
72 SOS4 (AT5G37850) R CCTGAACAGTGTGGGATTGGA 59.93 
2909 Tp1g09090 F GTGGACGGTGTGCTTCTG 58.36 
2909 Tp1g09090 R AACACGAATGCCTTACCCGG 60.68 
2909 GLP7 (AT1G10460) F GACCCGCTCCAAGACTACTG 59.83 
2909 GLP7 (AT1G10460) R GGCTTGTGTCGGATCTTTGC 59.83 
5775 Tp2g19280 F TCCCCTGCCTCTTTTGTTCT 58.85 





5775 AT5G48890 F TCCCCTGCCTCTTTTGTTCT 58.85 
5775 AT5G48890 R CTCCTTCTTGTGGGCGTTCT 59.96 
7522 Tp2g22420 F TCTTTTGCACCACCAGAGCT 59.82 
7522 Tp2g22420 R CCTCACTGTTCCTCCTTCCAC 60 
7522 Tp2g22410 F TTCGCCAAAGTCGCTAGAGG 60.11 
7522 Tp2g22410 R TGTGACAGAAATCGACGGCT 59.68 
7522 Tp2g22430 F TGGAGTTTCGGAGCAGCTTT 59.89 
7522 Tp2g22430 R GAAAGAGTGAGCACCGTGGA 59.97 
7522 CIPK25 (AT5G25110) F GGGAGGAAAGGACAGATCGC 60.18 
7522 CIPK25 (AT5G25110) R CCGCCGACTTACACAACTCA 60.32 
7522 AT5G25100 F TCCCTCTTGTCTTTGTCGGC 59.97 
7522 AT5G25100 R TGTTGGTTTTCACGGGGTCA 60.03 
9215 Tp6g08250 F GGCAATCTCCCACCGTTGAA 60.61 
9215 Tp6g08250 R GGGTTACAGAAGGACAAACGC 59.47 
9215 Tp6g08200 F TCGTGAACTGCGGTCATTGA 59.97 
9215 Tp6g08200 R TTGCTCTTCAGAAGCCGGTT 59.89 
9215 AT4G09340 F AGTGGCTGGGTTTGAACTGT 59.74 
9215 AT4G09340 R ACTCCAACCCGTCTGTTTCA 59.17 
10098 Tp7g15080 F GGTACTGGGTGGAGTCGAGA 60.32 
10098 Tp7g15080 R GCCTTTTCGTTGTGGATGGG 59.76 
10098 Tp7g15100 F ATACTGCTGGCCACCTGAAC 60.04 
10098 Tp7g15100 R TTGCAACATTTCACCAGGCG 59.97 
10098 Tp7g15110 F GCTGGGAAAGGAGTGAAGCT 59.96 
10098 Tp7g15110 R ACAATCATCATCCTCCCCGC 59.89 
10098 RGF6 (AT4G16515) F AATGGTGGAGAAAGGAGGCG 60.04 
10098 RGF6 (AT4G16515) R TTGTGGATCGGAGGCTTACG 59.83 
10098 AT4G16530 F TGGCGTTGATGGAGATTTGGA 60 
10098 AT4G16530 R TCTTCAAGCCCTCGTACCAA 58.66 
HK AT3G18780 (Actin) F ACAGCAGAGCGGGAAATTGT 60.25 
HK AT3G18780 (Actin) R GGTTTCCATCTCCTGCTCGT 59.75 
HK AT3G25800 (PP2AA2) F ATGCCGATGGTAAGGAGAGC 59.61 
HK AT3G25800 (PP2AA2) R AACGTCGGTCTTCAAATGCG 59.49 
HK Tp2g15040 (Actin) F TTCACCACAACAGCAGAACG 58.99 
HK Tp2g15040 (Actin) R GAGGTCTCCATCTCCTGCTC 58.96 





HK Tp3g16870 (PP2AA2) R CTCTCCGCACCATAGGCATA 59.03 
 
5.3.7 Drought experiment  
To test the expression levels of candidate drought genes (and syntenic genes in A. 
thaliana) between well-watered and drought stressed plants, a drought experiment was 
conducted. Seeds from Arabidopsis thaliana Col-0 and Thellungiella parvula were sown 
on compost and kept at 4oC for 3-4 days to break dormancy. Seeds were then placed in a 
growth cabinet at room temperature under short day conditions (8h-light, 16h-dark) for 7 
days. Seedlings were then pricked out into individual pots. After 4 weeks of growth, 
Arabidopsis thaliana Col-0 and Thellungiella parvula pots were saturated with water on 
Day 1 and then subjected to 12 days without watering. Control plants for Arabidopsis 
thaliana Col-0 and Thellungiella parvula were grown alongside but remained well-watered 
throughout the experiment. Pots were weighed every two days to calculate the relative 
water content as a proxy for the severity of drought treatment. For each treatment, 15 
plants were analysed. 
5.3.8 RNA extraction, cDNA synthesis, qPCR  
To test the expression of candidate drought genes, RNA was extracted from plants that 
had been grown under the drought and well-watered conditions in the experiment detailed 
above. This was completed using the method below, followed by cDNA synthesis and 
qPCR.  
5.3.8.1 RNA extraction 
Leaf material was taken from three samples per treatment for each plant species and 
placed immediately into liquid nitrogen. RNA was extracted using a Trizol extraction 
protocol which is described below (Rio et al., 2010). A single leaf (~0.1g of material) was 
sampled per plant and ground with a pestle and mortar in liquid nitrogen. Samples were 
transferred into tubes that had been placed on dry ice. 1 ml of TRIzol reagent (Invitrogen) 
was added to the ground sample and vortexed for 30 seconds. This step allows for 





stand for 3 minutes at room temperature. 200 µl of chloroform (Sigma Aldrich) was added 
and then vortexed for 15 seconds. Samples were centrifuged for 15 minutes at 4oC at 
13000 x g to separate the RNA from proteins and lipids. The aqueous phase, containing 
the RNA, was transferred into new tubes.  
1 volume of isopropanol (~600 µl) was added, mixed by inversion and then placed at room 
temperature for 10 minutes. The isopropanol is used to precipitate the RNA from the 
solution. Samples were centrifuged for 15 minutes at 4oC at 13000 x g to separate RNA 
from the surrounding solution. The supernatant was discarded leaving a white pellet 
containing the RNA. The pellet was washed with 1 ml of 75% ethanol (Sigma Aldrich) to 
purify the extraction. The ethanol was then discarded and the pellet air dried for 10 minutes 
to remove any remaining liquid.  
The pellet was dissolved in 26 µl of RNase-free water. 1 µl of DNAse enzyme (Invitrogen) 
and 3 µl of DNA buffer (Invitrogen) were added and incubated at 37oC for 1 hour to remove 
any genomic DNA from the RNA sample. 1.8 µl of Ethylenediaminetetraacetic acid (EDTA) 
(Invitrogen) was added and incubated at 65oC for 10 minutes to deactivate the DNase 
enzyme. 60 µl of ethanol and 15 µl of Ammonium acetate were added to precipitate the 
RNA. These samples were placed in a -20oC freezer overnight.  
Samples were centrifuged for 15 minutes at 4oC at 13000 x g to separate RNA from the 
surrounding solution. The supernatant was discarded leaving a white pellet containing the 
RNA. The pellet was washed with 1 ml of 75% ethanol. The ethanol was then discarded 
and the pellet air dried for 10 minutes to remove any remaining liquid. Finally, the RNA 
pellet was dissolved in 30ul of RNase-free water. RNA quality and quantity was then 
assessed using a nanodrop spectrophotometer. 
5.3.8.2 cDNA synthesis  
For cDNA synthesis, 1000 ng of RNA was added to RNA-free water equaling a total 
volume of 11 µl. 1 µl of random hexamer primers (Invitrogen) was added to the RNA/ water 





the sample and primers and then immediately placed on ice. To this reaction, 4 µl of 5X 
Reverse Transcriptase buffer (Invitrogen), 2 µl of 10mM dNTPs (Invitrogen), 1 µl of 
Reverse Transcriptase (Invitrogen) and 1 µl of RNA-free water were added to make a total 
volume of 20 µl. The 20 µl cDNA synthesis reaction was then incubated at 42oC for 60 
minutes in a thermocycler. Following this enzymes were inactivated by increasing the 
temperature to 70oC for 5 minutes. Samples were then stored at –20oC until further use. 
5.3.8.3 qPCR protocol 
To assess the expression of each candidate drought tolerance gene between well-watered 
and drought stressed plants, qPCR reactions were set up. A reaction mix containing 10 µl 
of SYBR Green master mix (Sigma Aldrich), 6 µl of RNA-free water, 0.4 µl of each primer 
(forward and reverse for each gene of interest or housekeeping genes, Table 5.1) and 0.2 
µl of Taq polymerase per sample was created. For each well of a 96 well plate, 3 µl of 
cDNA and 17 µl of master mix were added to create a total volume of 20 µl. Gene 
expression was measured in a BioRad qPCR Detection System. The qPCR program 
consisted of an initial step of 95oC for 5 minutes to denature the DNA, followed by 40 
cycles of 15 seconds at 95oC, 45 seconds at 60oC and 30 seconds at 72oC. These steps 
further denature the DNA, enable primer annealing and allow for primer extension before 
repeating. A melt curve analysis was performed after the qPCR run by ramping the 
temperature by 0.5oC every 10 seconds from 55oC to 95oC. This step was used to confirm 
the synthesis of a single PCR product, in which case a single peak is observed. 
5.3.8.4 Statistics and figures  
All statistics were conducted in R version 3.6.3 (R Core Team, 2014). A two-sample t-test 
was used to test differences in gene expression between drought induced and well-






5.3.9 Mutant design  
Based on the results of the qPCR experiments, a subset of syntenic genes were 
investigated further via loss-of-function A. thaliana mutants. To assess the impact of gene 
loss, Arabidopsis thaliana mutants were selected and ordered from the Nottingham 
Arabidopsis Stock Centre (NASC) (O’Malley et al., 2015). For each syntenic A. thaliana 
gene, two mutants were ordered (Table 5.2). This was completed to ensure that any 
phenotype seen in the mutant plants was a result of a correct knockdown/knockout for the 
focal gene, rather than a knockout of any other polymorphisms associated with a mutant 
line. 
Table 5.2. SALK lines selected for investigating the effects of syntenic gene loss on 
the drought response in A. thaliana. HG= homology group number. Line IDs A and B 




HG Function of A. thaliana gene 
Line ID A Line ID B 
AT2G26300 
72 
Negative and positive regulation of ABA 
(Pandey et al., 2004; Chakraborty et al., 




Glutathione catabolic process (Ohkama-
Ohtsu et al., 2008)/ Glutathione enhances 





Hypersalinity response/ Root hair 









Negative regulation of flower development 
(Weingartner et al., 2011)/ Enhance salt 




Protein localisation to membrane (Parsons 







Regulation of root growth (Moubayidin et al., 











5.3.10 Mutant confirmation 
Once received from NASC, seeds from all mutant lines were sown on compost and kept 
at 4oC for 3-4 days to break dormancy. Seeds were then placed in a growth cabinet at 
room temperature under short day conditions (8h-light, 16h-dark) for 7 days. Seedlings 
were then pricked out into individual pots. After 4 weeks, one leaf was sampled from each 
plant of every line for DNA extraction and placed on dry ice. To each sample, a small 
amount of sand and 200 µl of cetyl trimethylammonium bromide (CTAB) DNA extraction 
buffer were added to the leaf and ground with a micro pestle until the leaf had dissolved. 
Samples were then placed at 65oC for 30 minutes to increase DNA yield by promoting the 
breakdown of cell and nuclear membranes. Solutions were cooled to room temperature 
before adding 200 µl of chloroform under a fume hood. Samples were vortexed and then 
centrifuged at 13000 x g for 15 minutes. The aqueous phase was extracted, added to a 
new tube and the solid phase discarded. 180 µl of isopropanol was added to the 
supernatant and mixed well by inversion. Samples were again centrifuged at 13000 x g 
for 15 minutes. The supernatant was then discarded, ensuring the pellet remained. The 
pellet was then washed with 500 µl of ice cold 70% ethanol. The ethanol was then 
discarded and the pellet was dried completely before eluting in 50 µl of RNA free water. 
Extracted DNA was quantified on a nanodrop spectrophotometer and then stored at -20oC 
for later work.   
Successful mutants all contain a tDNA insert with a known DNA sequence (Appendix 5.1). 
It is possible to isolate the genomic junction of this insert through additionally designing 
primers for the left border region of the tDNA insert; amplification of the tDNA insert 
confirms successful knockdown/ knockout of the gene of interest (O’Malley et al., 2015). 
These primers were designed for each SALK line using 
http://signal.salk.edu/tdnaprimers.2.html (Table 3). These primers were ordered from 
Primer3 (Untergasser et al., 2012) as described above. To confirm successful mutation, 





(Table 3) and the Forward primer (Table 1) of the focal gene were used to test insertion. 
The left border primer (Table 3) and the Reverse primer (Table 1) of the focal gene were 
also used to test successful insertion. Amplification when the Forward primer and Reverse 
primer (Table 1) of the focal gene were used together would confirm that the plant was in 
fact a wild type plant. For each PCR reaction, the following reaction mix was made: 2 µl 
DNA, 1.25 µl of each primer, 2.5 µl of 10x buffer, 0.5 µl 10mM dNTPs, 0.5 µl Taq 
polymerase and 17 µl PCR grade water. These reactions were run in a thermocycler with 
the following conditions: 4 minutes at 94oC; 35 cycles of 94oC for 30 seconds, 58oC for 30 
seconds and 72oC for 60 seconds; 5 minutes at 72oC and held at 12oC. PCR products 
were run on a gel to confirm successful mutant lines (Appendix 5.2). Gels were made 
using 100 µl of 1x TE buffer, 0.8 g of agarose and 5 µl of SafeView Nucleic Acid Stain 
(NBS Biologicals). To each well, 15 µl of DNA mixed with 2 µl of loading dye were added 
alongside 5 µl of 1KB ladder. 
Table 5.3. Primers sequences used to amplify the left border of the tDNA insert for 
the confirmation of SALK lines. HG = homology group number. 
 




72 AT2G26300 N528135 GCAAAATCAGAACACCATTGG 60.36 
72 AT2G26300 N561522 ACGCAGAAAACATCCTTCATG 60.13 
72 AT5G37830 N590917 TGGGTGTCTCCACTCATTCTC 60.1 
72 AT5G37830 N668525 AACACTCACAAAACCCATTGC 59.89 
72 AT5G37850 N618343 CACTTTTCTTGCAGGGAACAG 59.9 
72 AT5G37850 N638992 AGGACGACAACAATGACGATC 59.99 
2909 AT1G10460 N572453 GAATTGAACTCGGGACCTCTC 60.07 
2909 AT1G10460 N533384 ATGGAGAAATATGCCCCAAAG 60.16 





5775 AT5G48890 N546014 ATAAAATCATGTTTTCCCGCC 60.04 
7522 AT5G25100 N608055 GACTTCGGGGTTTTCACTTTC 59.97 
7522 AT5G25100 N539673 ACCAGAGGCGATTGAATCTTC 60.59 
7522 AT5G25100 N529679 GAAAGTGAAAACCCCGAAGTC 59.97 
9215 AT4G09340 N552021 TTTGCTGAGAAGCACTACGAAG 59.83 
9215 AT4G09340 N533044 TCGATGCACATTTTGACTACG 59.74 
10098 AT4G16515 N633489 ACCATTCATTGTTCCTTGCAG 59.99 
10098 AT4G16515 N573605 CGCTCATGTCTTCTGTGTACG 59.52 
10098 AT4G16530 N577075 AAACGCAAATCCCAAATTTTC 60.17 
10098 AT4G16530 N593165 TGATTGGCTCAACCTTAATGC 60.09 
 
5.3.11 Gene overexpression  
5.3.11.1 Clone design and synthesis 
Based on the results of the qPCR analysis (see 5.3.7-8) four HGs were chosen for gene 
overexpression analysis. For this, individual constructs were designed using the coding 
sequence of each of the focal genes for T. parvula or the corresponding syntenic gene of 
A. thaliana was extracted (Appendix 5.3). To the end of each sequences, attL1 and attL3 
sequences were added. These are two flanking recombination sequences used to develop 
a gateway entry clone. Briefly, the gateway cloning approach allows the user to quickly 
insert the gene of interest into a destination vector using an LR (attL/attR) reaction (Chin 
et al., 2015). This reaction takes place between attL sites of the entry clone and the attR 
sites of a destination vector and leads to the creation of an expression clone for 
downstream work. The constructs were synthesised and put into pUC57 by NBS 
biologicals. Upon arrival, entry clones were rehydrated in 50ul of RNA free water and 
stored at -20oC. 
5.3.11.2 Making stocks of entry plasmid 
Entry clones were stocked via transformation into Escherichia coli. To make competent E. 





20 ml of Lysogeny Broth (LB: Tryptone 10 g L-1, NaCl 10 g L-1, Yeast extract 5 g L-1). This 
sub-culture was then grown, shaking, at 37oC until the optical density (OD) was 0.4; OD 
was measured with using an OD600 DiluPhotometer. The culture was then placed on ice 
for 10 minutes and from here on, everything that came into contact with the competent 
cells was kept ice cold. The culture was separated into two 50 ml falcon tubes and 
centrifuged at 2700 x g for 10 minutes at 4oC. The supernatant was removed and the cell 
pellet was resuspended in 100 µl of ice-cold 100 mM calcium chloride. The falcon tubes 
were then incubated on ice for 20 minutes. The cells were combined and 0.5 ml of ice cold 
80% glycerol was added to prevent damage to the cells during freezing. Cells were then 
divided into 50 µl aliquots on dry ice and stored at -80oC until use in transformation 
reactions.  
For the transformation of each entry plasmid into the E. coli cells, 50 µl of the TOP10 
competent cells were thawed on ice. 2 µl of DNA clone was added to the cells and then 
left on ice for 30 minutes. Cells were then heat shocked by placing them at 42oC for 60 
seconds to allow for the incorporation of the entry clone. Cells were immediately placed 
on ice for 5 minutes and then 900 µl of LB broth was added. They were then allowed to 
recover in a shaker at 37oC for 1 hour. Following this, 100 µl of the cell solution was spread 
onto a petri dish consisting of LB agar, containing carbenicillin (10 µg µl-1) which was used 
for antibiotic selection. The designed entry clones are resistant to ampicillin but 
carbenicillin was used as it is an analogous antibiotic with lower toxicity and longer half-
life. Plates were grown overnight at 37oC. A single colony was then picked off and grown 
in 20 ml of LB broth with 10 µg µl-1 carbenicillin overnight, shaking, at 37oC. Following this, 
glycerol was added to the culture in a 50:50 (v/v) ratio and stored at -80oC. 
5.3.11.3 LR reaction 
An LR reaction is the process of recombination between the attL sites of the entry clone 
and the attR sites of the expression clone to create the destination vector, as explained 





DNA, was added to 2 µl of the destination vector (35 ng µl-1) in a PCR tube. The destination 
vector was the Gateway Binary Vector (pGWB2) which contains a 35S promoter used for 
gene overexpression. This mixture was then made up to 8 µl with TE buffer and then 2 µl 
of Clonase II Enzyme Mix (Invitrogen) was added. PCR tubes were placed in a 
thermocycler at 25oC for 60 minutes. After an hour, 1 µl of proteinase K (Invitrogen) was 
added and tubes were placed at 37oC for 10 minutes to terminate the reaction. The 
resulting expression vector was then transformed into TOP10 E. coli as detailed above 
(section 5.3.11.2). Additionally, pENTR-gus is an entry vector used as a positive control 
to confirm the viability of E. coli competent cells. The pENTR-gus plasmid were also 
transformed into E. coli. Successfully transformed cells were then confirmed by growth 
overnight on LB agar plates containing kanamycin (10 ug µl-1), the antibiotic resistance 
gene present in the destination vector. A single colony was then picked off the agar and 
placed in 20 ml of LB broth. This was incubated overnight at 37oC whilst shaken constantly. 
50% glycerol was added to create stocks (as above) which were stored at -80oC for later 
use. 
5.3.11.4 Agrobacterium transformation 
The expression vector was prepared for transformation into Agrobacterium tumefaciens 
by inoculating TOP10 E. coli containing the completed expression vector (described 
above) into 20 ml of LB broth containing 10 µg µl-1 kanamycin. These were grown 
overnight, shaking, at 37oC. Plasmid DNA was then purified from the overnight cultures 
using the GeneJet Plasmid Miniprep kit. Briefly, 2 ml of overnight culture was centrifuged 
at 13000 x g for 5 minutes to retrieve a pellet. Supernatant was removed and the pellet 
was resuspended in 250 µl of P1 buffer. Following this, 250 µl of lysis buffer was added 
and the solution was mixed by inversion. Next, 350 µl of Neutralisation buffer was then 
added and the solution was mixed by inversion, before centrifuging for 5 minutes at 12000 
x g. 700 µl of the supernatant was then transferred to a spin column and centrifuged for 1 





was added, followed by another centrifugation step for 1 minute at 12000 x g. The resulting 
flow-through was again discarded and the spin column centrifuged again for 2 minutes to 
remove residual buffer. Plasmid DNA was then eluted from the column by adding 30 µl of 
RNA free water and centrifuging for 1 minute at 12000 x g. DNA concentration was 
assessed using a nanodrop spectrophotometer. 
To transform the resulting expression plasmid into Agrobacterium tumefaciens, 2 µl of 
purified plasmid DNA was added to 50 µl of electrocompotent A. tumefaciens cells. 
Electroporation was then used to transform the A. tumefaciens cells. Following 
electroporation, 1 ml of LB broth was added and cells were recovered at 28oC for 1 hour. 
These cells were then streaked onto agar plates containing kanamycin (10 µg µl-1) to select 
successfully transformed agrobacterium. To stock the resulting cells, a single colony was 
picked off the agar and placed into 20 ml of LB broth. This was incubated for 3 days at 
28oC whilst shaken constantly. A 50% glycerol solution was then added (50:50 v/v ratio of 
glycerol to culture) to create stocks which were stored at -80oC for later use. 
5.3.11.5 Floral dip 
5.3.11.5.1 Preparation of agrobacterium 
An established protocol was used for Arabidopsis thaliana transformation as has 
previously been described (Clough et al., 1998; Narusaka et al., 2010). Briefly, 
transformed Agrobacterium cells were grown overnight at 28oC in 2 ml of LB broth 
containing kanamycin (10 µg µl-1) for selection purposes. These Agrobacterium cells were 
then pelleted via centrifugation and the supernatant was discarded. 1 ml of sucrose 
solution, which contains 5% sucrose and 95% RNA free water, was then added to the 
pellet. Before inoculation, 4 µl of Silwet L-77 was added to the Agrobacterium/sucrose 
solution. Silwet L-77 is a wetting agent that reduces the surface tension of the sucrose 





5.3.11.5.2 Arabidopsis plants 
A. thaliana seeds were sown on compost and kept at 4oC for 3-4 days to break dormancy. 
Seeds were then placed in a growth cabinet at room temperature under short day 
conditions (8h-light, 16h-dark) for 7 days after which seedlings were pricked out into 
individual pots. After 4 weeks, initial bolts were clipped to promote secondary bolts. 4-6 
days after this, plants were ready for their first floral dip. For this, 5 µl of the sucrose/ 
Agrobacterium solution prepared in the steps above, was added to each flower bud. In 
total, approximately 50-100 µl of Agrobacterium inoculum was added to each plant. Plants 
were then placed under covers for 24 hours to maintain high humidity which improves the 
efficiency of transformation. To increase the rate of transformation, inoculation with 
Agrobacterium was repeated twice more at 7 day intervals. Plants were grown until seeds 
developed at which point watering was halted and, once the plants were dry, seeds were 
harvested. 
5.4 Results 
5.4.1 Broad scale evolutionary patterns of drought gene loss 
Initial queries investigated the commonality and prevalence of gene losses across all 
drought sensitive species and the presence of these same genes in all drought tolerant 
species within a homology group. This first search revealed that no HGs matched this 
criterion suggesting there were no common patterns of loss across drought sensitive 
species within HGs. This is not surprising given the complexity of evolutionary 
relationships between plants and confirms the independent loss of drought tolerance. To 
understand the occupancy of HGs in relation to drought statuses, further queries were 
therefore conducted. Secondary queries quantified the presence of genes within 
homology groups across increasing numbers of land plant species, given their absence in 
all drought sensitive species. This was to confirm whether common genes were lost across 
drought sensitive plant species, which were likely to be important for drought tolerance, 
and to confirm these were not simply lost in the majority of land plants. Considering 178 





meeting this criterion was 16. This revealed that there are no broad scale evolutionary 
patterns of the loss of drought tolerance genes. Taxa matching this query are species of 
the genus Oryza that have good representation in the dataset suggesting this result may 




Figure 5.2. There is no kingdom wide patterns of drought gene loss. The graph shows 
the number of homology groups resulting from a query searching for absences in drought 
sensitive species and presence in increasing numbers of land plant species. 
 
This data led to the conclusion that to identify candidate drought genes, individual cases 
of the loss of drought tolerance would need to be investigated. As there is no kingdom 
wide pattern of gene loss, then these differences in phenotypic response can be attributed 





5.4.2 Small scale gene loss 
Investigation of gene loss within specific clades of drought tolerant and drought sensitive 
species identified 238 HGs in total, however the number of HGs that were present in 
drought tolerant species but absent in drought sensitive species varied by clade (Figure 
5.2). This differential retention between drought tolerant and drought sensitive species 
across the plant phylogeny is potentially indicative of gene function (Supplementary Data 
5.2). Four of these queries focussed on gene occupancy in non-flowering plants, 
predominantly eliminating the lycophyte Selaginella moellendorffii and the gymnosperm 
Gnetum monatum (Figure 5.3). Several other queries investigated gene loss in the 
monocots, ensuring absence in the aquatic species in Alismatales and cultivated rice 
species, Oryza sativa. The remaining queries investigated gene loss in drought sensitive 
eudicot species. As detailed above, for experimental purposes, these HGs need to be 
present in Thellungiella parvula (a drought tolerant species) but absent in Arabidopsis 
thaliana (a drought sensitive species). Therefore, HGs were further selected based on 
these taxonomic occupancy criteria which led 50 HGs being chosen for downstream 
analysis (Supplementary Data 5.3).  
5.4.3 Protein domain analysis of possible DT genes  
To select a practical number of genes to experimentally test for their role in drought 
tolerance, protein domains were analysed by comparing protein sequences of genes from 
T. parvula against the pfam database for the selected 50 HGs (Supplementary Data 5.4). 
By analysing the protein domains, the predicted function of sequences could be identified. 
With this information, the differences in drought tolerance between the model organism A. 
thaliana and the wild relative T. parvula could be explored. Specifically, the underlying 
genes that contribute to this difference in drought phenotypes between the two species 
could be investigated, for example the role of retrotransposons which may influence the 






Figure 5.3. Query terms used in small scale gene loss searches of the genomic 
pipeline. Red dots at terminal branches denote gene absences in drought sensitive 
species. Blue dots at terminal branches denotes gene presences in drought adapted 


















The protein sequences of many HGs were identified as proteins of unknown function so 
these were automatically discarded (Supplementary Data 5.4). Based on the protein 
domains identified by pfam analysis and their reported function in the literature, 6 HGs 
were chosen for the experimental phase (72, 2909, 5775, 7522, 9215, 10098) (Table 5.4).  
 
Table 5.4. Protein domains predicted from pfam analysis of predicted drought 
response HGs based on T. parvula genes.  
 
HG Protein Domains Role in drought tolerance 
72  Gag-polyprotein putative aspartyl 
protease 
 Reverse transcriptase (RNA-dependent 
DNA polymerase) 
 Retrotransposon gag protein /aspartyl 
protease 
 His(2)-Cys(2) zinc finger 
 Chromo (CHRromatin Organisation 
Modifier) domain 
 Integrase core domain 
Aspartic proteases known to be 
involved in plant stress 
responses, for example to water 
deprivation (Simões et al., 2004; 
Vicient et al., 2020) 
 
2909  Cupin 
 S25 ribosomal protein 
Cupins have roles in plant 
development and defense 
responses inc. biotic and abiotic 
defense (water deprivation) 
(Wang et al., 2014f) 
5775  C2H2-type zinc finger 
 Zinc-finger double-stranded RNA-
binding 
C2H2 is involved in responses to 
abiotic and biotic stress (e.g. salt, 
drought, osmotic and oxidative 
stress) (Kiełbowicz-Matuk, 2012; 
Yuan et al., 2018) 
7522  PLD-like domain 
 Enoyl-CoA hydratase/isomerase 
Involved in Plant Growth, 
Development and Stress 





9215  Probable lipid transfer Possible role in drought stress – 
no examples of a successful 
mutants (Salminen et al., 2016) 
10098  HIT zinc finger 
 Zinc knuckle 
 Domain of unknown function 
(DUF4535) 
Drought and salt stress tolerance 
(Li et al., 2014d) 
 
5.4.4 Analysis for genes within the six HGs 
The T. parvula genes from the six HGs identified in the query above (HG 72, 2909, 5775, 
7522, 9215, 10098) were chosen for further analysis. The following computational and 
experimental analyses apply to each Homology Group. As such, the results for these 
analyses are reported by Homology Group. Although homologs of candidate genes are 
not present in A. thaliana, blocks of genes may still have been preserved between species. 
The physical co-location of genes in genomes of different species is termed synteny (Tang 
et al., 2008). This feature enables comparisons between the genomes of different species 
even if particular genes are absent across the 6 selected HGs. 
5.4.4.1 HG_72 
5.4.4.1.1 Synteny analysis and the function of syntenic genes 
Protein domain analysis of HG 72 identified sequences containing retrotransposon and 
retroviral protein domains as well as reverse transcriptase domains (Table 5.4). Focussing 
on the latter of these domains, reverse transcriptases enable the copying of RNA into DNA 
which can then become integrated into eukaryotic genomes. Whole genome sequencing 
has revealed that a large proportion of eukaryotic genomes consist of reverse 
transcriptase genes, more than any other protein coding gene (Orozco-Arias et al., 2019).  
Genetic elements containing reverse transcriptase genes are termed retrotransposons. 
They are able to use the reverse transcriptase to move from location to location in the 





replication also includes the activity of integrases, which facilitate the insertion of 
retrotransposon DNA into the host genome, as well as aspartic proteases which process 
large transposon transcripts enabling their conversion into protein products. In addition to 
this,  chromodomain enables the targeted integration of retrotransposon DNA into the 
genome (Orozco-Arias et al., 2019). All of these domains were identified in protein domain 
analysis of HG 72 (Table 5.4).  
Initially, it was thought that transposable elements only had negative impacts on the host 
genome (Kim, 2017). However recently, they have been shown to play key roles in 
chromosome organisation (Vicient et al., 2017), genome size variations (Li et al., 2017c) 
and genome stability after polyploidy events (Parisod et al., 2010). Additionally, 
retrotransposons are able to influence genomic regulation whereby they can have effects 
on the expression of neighbouring genes (Elbarbary et al., 2016; Mita et al., 2016). 
Additional to the protein domain analysis of this HG, 42 copies of the same gene (with high 
sequence similarity) were identified in HG 72. With the hypothesis that these 42 sequence 
copies in T. parvula may act as a regulator to enhance the expression of drought and 
abiotic stress tolerance genes, the functions of syntenic genes in A. thaliana were 

















Figure 5.4. Synteny plots for the genes A) Tp4g06700 and B) Tp7g04180 in HG 72. 
Plots are based on outputs from Genomicus Plants. Genes that are linked with a line and 
that have matching coloration denote syntenic, homologous genes.   
 
Two of the 42 representative T. parvula genes (Tp4g06700, Tp7g04180) were chosen for 
analysis based on the proposed function of adjacent genes for plant drought tolerance 
(Supplementary Data 5.5, Figure 5.4). In addition to being syntenic, these genes are 
homologous between T. parvula and A. thaliana, suggesting a conserved function. Close 
to the first focal gene in HG 72 (Tp4g06700) was Tp4g06680 which is syntenic to GPA1 
(At2g26300) (Figure 5.4a). The GPA1 gene encodes a G Protein ALPHA Subunit 1, which 
is known to be involved in many important drought related functions. These include 
regulation of blue light signalling pathways, cell death, stomatal movement and seed 
germination (Warpeha et al., 2007; Jeon et al., 2019). GPA1 also acts during abscisic acid 
responses to guard cell opening (Jin et al., 2013) and regulates transpiration efficiency 
and stomatal density by controlling epidermal cell size during stomatal formation (Nilson 
et al., 2010).  
Close to the second focal gene, Tp7g04180, in the T. parvula genome is the gene 







SOS4 gene is known to be involved in the plant salt stress response as well as root hair 
development (Shi et al., 2002). In addition to this, the gene Tp7g04210 is also near to the 
candidate drought gene in the T. parvula genome; this is syntenic to the NIP4:2 gene in 
A. thaliana (At5g37820) (Figure 5.4b). NIP4:2 is an aquaporin channel protein, mainly 
involved in enabling the transport of water across the plant cell membrane (Di Giorgio et 
al., 2016). 
5.4.4.1.2 Gene expression of possible drought tolerance genes 
Given the identified genes in T. parvula and the syntentic genes in A. thaliana could 
feasibly play a role in plant drought responses, gene expression analysis was then 
conducted to assess whether the genes were differentially expressed under watered 
versus drought conditions. Typically, A. thaliana genes had a higher fold change of gene 
expression between well-watered and drought conditions (Figure 5.5). However, the only 
significantly differentially expressed gene (P<0.05 in a two-sample t-test) is the adjacent 
gene Tp4g06680 which had a higher expression under watered conditions (Figure 5.5). 
This appears to be the opposite behaviour of the syntenic A. thaliana gene, GPA1 
(At2g26300) which had higher expression under drought conditions, although this was not 
significant (P>0.05) (Figure 5.5). Unfortunately, not all primers were successfully 
confirmed due to laboratory closures and therefore expression analysis was not conducted 






Figure 5.5. Average log fold change in gene expression of focal and syntenic genes 
of HG 72 for T. parvula and A. thaliana between drought and well-watered 
conditions. Gene expression was normalised against the housekeeping gene, Protein 
Phosphatase 2A Subunit A2 (At3g25800). A positive log fold change suggests greater 
expression under drought. Averages are based on 3 technical and 3 biological replicates 
in qPCR experiments. Error bars represent standard errors. Blue shows expression of T. 
parvula genes and red shows expression of the syntenic A. thaliana genes. Asterisk in the 
figure highlight genes that were significantly differentially expressed between drought and 
well-watered conditions (P <0.05 in a two-sample t-test). Asterisk next to gene IDs indicate 
the focal gene from HG 72. 
 
5.4.4.2 HG_2909 
5.4.4.2.1 Synteny analysis and function of syntenic genes 
Protein domain analysis of HG 2909 identified domains of the cupin superfamily (Table 
5.4). Cupins are known to play a role in plant development, as well as in plant defense 
responses to both biotic and abiotic pressures, including water deprivation (Wang et al., 
2014f). Although not homologous to an A. thaliana gene, the focal gene of HG 2909, 
Tp1g09090, was found to be syntenic to At1g10460 (Figure 5.6). At1g10460 has been 






responses in plants (Nakata et al., 2004; Li et al., 2016). This gene was originally identified 
in association with germination in wheat but has subsequently been found to be involved 
in plant resistance to heat treatment (Nakata et al., 2004). More recently, overexpression 
of soybean GLP7 in A. thaliana improves abiotic stress tolerances most notably to drought, 
salt and oxidative tolerance (Li et al., 2016). 
Other genes identified in this region of the A. thaliana genome include Protein 
Phosphatase 2A 2 (PP2A2), Arabidopsis Response Regulator 4 (ARR4) and Zinc Finger 
Protein 5 (ZFP5). PP2A2, as discussed in Chapter 3, is involved in negative regulation of 
the abscisic acid pathway for stomatal closure. Additionally, ARR4 is involved in cytokinin 
signalling leading to the development of roots and ZFP5 is also involved in root and root 
hair development through cytokinin mediated signalling (both are also described in more 
detail in Chapter 3). This tight grouping of drought-related genes formed the hypothesis 
that this region might act as an operon-like gene cluster, whereby neighbouring genes 
have similar biological functions (Boycheva et al., 2014). Similar gene clusters have been 
identified in plants, for example those involved in metabolism (Nützmann, Scazzocchio 
and Osbourn, 2018) or genomic hotspots found to be involved in the drought responses 
of wheat (Gálvez et al., 2019). The operon-like gene cluster hypothesis was also applied 
to the remaining HGs (described in sections below). 
 
Figure 5.6. Synteny plots for genes in HG 2909. Plots are based on outputs from 
Genomicus Plants. Genes connected by lines denote syntenic genes whilst genes 






5.4.4.2.2 Gene expression of possible drought tolerance genes 
To further investigate whether Tp1g09090, the focal gene of HG 2909, and its syntenic 
counterpart, At1g10460 (GLP7) in A. thaliana, may play a role in the plant drought 
response, gene expression analysis was carried out under drought and well-watered 
conditions. The qPCR experiments demonstrated that At1g10460 (GLP7) was significantly 
differentially expressed (P<0.05) between drought and well-watered environments, with a 
greater level of expression under drought conditions (Figure 5.7).  
 
 
Figure 5.7. The average fold change in gene expression of the focal gene of HG 2909 
for T. parvula (Tp1g09090) and the syntenic gene in A. thaliana (At1g10460) between 
drought and well-watered conditions. Gene expression was normalised against the 
housekeeping gene, Protein Phosphatase 2A Subunit A2 (At3g25800). Averages are 
based on 3 technical and 3 biological replicates in qPCR experiments and error bars 
represent standard errors. A positive fold change represents greater expression under 
drought. Blue shows expression of T. parvula genes and red shows expression of A. 
thaliana genes. Asterisks in the figure highlight genes that were significantly differentially 







5.4.4.3.1 Synteny analysis and function of syntenic genes 
Protein domain analysis of HG 5775 identified a C2H2-type zinc finger domain (Table 5.4) 
which have previously been shown to be involved in plant stress responses to a range of 
abiotic and biotic pressures, including those related to high salinity, drought and osmotic 
stress (Kiełbowicz-Matuk, 2012; Yuan et al., 2018). Although not homologous to an A. 
thaliana gene, the focal gene of HG 5775, Tp2g19280, was syntenic to At5g48890 (Figure 
5.8). At5g48890 has been characterised as a LATE FLOWERING C2H2‐type zinc‐finger 
transcriptional regulator which acts as a floral repressor (Weingartner et al., 2011). 
Overexpression mutants of this gene in O. sativa exhibit increased salt tolerance, which 
is thought to occur via an enhanced ability to scavenge reactive oxygen species (Zhang 




Figure 5.8. Synteny plots for genes in HG 5775. Plots are  based on outputs from 
Genomicus Plants. Genes with matching colours denote homologous genes whilst genes 









5.4.4.3.2 Gene expression of possible drought tolerance genes 
As above, gene expression experiments were conducted via qPCR, to identify whether 
Tp2g19280, the focal gene of HG 5775, and the syntenic A. thaliana gene, At5g48890, 
were drought responsive. Results showed that At5g48890 was highly expressed 
compared to the T. parvula, although this was highly variable and was not found to be 
significantly greater in a statistical test (P>0.05 in a two-sample t-test) (Figure 5.9).  
 
Figure 5.9. The average fold change in gene expression of the focal gene of HG 5775 
for T. parvula (Tp2g19280) and the syntenic gene in A. thaliana (AT5G48890), 
between drought and well-watered conditions. Gene expression was normalised 
against the housekeeping gene, Protein Phosphatase 2A Subunit A2 (At3g25800). 
Averages are based on 3 technical and 3 biological plant replicates. Error bars represent 
standard errors. Positive fold changes represent greater expression under drought. Blue 
shows expression of T. parvula genes and red shows expression of A. thaliana genes.  
5.4.4.4 HG_7522 
5.4.4.4.1 Synteny analysis and function of syntenic genes 
Protein domain analysis of HG 7522 identified a PLD-like and an Enoyl-CoA 





plant development and stress responses (Wang, 2005). For HG 7522, there were no 
homologous or syntenic genes in A. thaliana (Figure 5.10). Instead, adjacent genes of the 
focal gene were identified based on the hypothesis that this is an operon-like gene cluster 
where neighbouring genes respond similarly to related biological functions (Boycheva et 
al., 2014).  
For HG 7522, Tp2g22410 and Tp2g22430, which are next to the focal gene (Tp2g22420) 
in the T. parvula genome, are syntenic to At5g25110 (CIPK25) and At5g25100 (TMN9), 
respectively. CIPK25, also known as SNRK3.25, is a member of the SRNK gene family 
(Colina et al., 2019) which is known to be involved in conferring tolerance to drought stress 
and has also been shown to be crucial for plant adaptation to terrestrial environments 
(Shinozawa et al., 2019). Specifically, CIPK25 has functions in the development of the root 




Figure 5.10. Synteny plots for genes in HG 7522. Plots are based on outputs from 
Genomicus Plants. Genes with matching colours and connecting lines denote syntenic, 
homologous genes. 
 
5.4.4.4.2 Gene expression of possible drought tolerance genes 
For HG 7522, patterns of gene expression under drought and well-watered conditions 





and watered conditions (P>0.05 in two-sample t-tests). High levels of variation were seen 
between biological replicates, as shown by the error bars (Figure 5.11). This could be 
explained by the variability associated with responses to drought, although it could also 
be due to poor replicability across qPCR runs. Unfortunately, it was not possible to 
differentiate between these two competing explanations by running further qPCR 
experiments with different primer pairs, as this work was halted due to the coronavirus 
pandemic. Further work planned to complete the analysis of candidate drought genes, is 
detailed in the discussion. 
 
 
Figure 5.11. The average log fold change in gene expression of the focal gene of HG 
7522 for T. parvula (Tp2g22420) and the syntenic gene in A. thaliana (AT5G25100), 
between drought and well-watered conditions. Gene expression was normalised 
against the housekeeping gene, Protein Phosphatase 2A Subunit A2 (At3g25800). 
Averages are calculated based on 3 technical and 3 biological plant replicates investigated 
in qPCR experiments. Error bars represent standard errors. Blue shows expression of T. 
parvula genes and red shows expression of A. thaliana genes. Asterisk next to gene IDs 







5.4.4.5.1 Synteny analysis and function of syntenic genes 
Similar to HG 7522, there were no homologous or syntenic genes in HG 9215 to those in 
A. thaliana (Figure 5.10). Thus, as before, adjacent genes of the focal gene in HG 9215 
were identified based on the operon-like gene cluster hypothesis (Boycheva et al., 2014). 
For HG 9215, Tp6g08200 is the nearest gene to the focal gene (Tp6g08250) and is 
syntenic to At4g09340 in A. thaliana (Figure 5.12). The At4g09340 gene was 
characterised as a SPla/RYanodine receptor (SPRY) domain-containing protein, a 
member of the Trithorax gene group, which are developmental regulators that play a role 






Figure 5.12. Synteny plots for genes in HG 9215. Plots are based on outputs from 









5.4.4.5.2 Gene expression of possible drought tolerance genes 
For HG 9215, the patterns of gene expression were also unclear (Figure 5.12), particularly 
because the primer pair for the A. thaliana homolog (At4g09340) was not successfully 
designed to avoid the amplification of off-target sequences and so could not be used for 
the PCR experiment. Unfortunately, further work to investigate these genes was halted by 
the coronavirus pandemic. Detailed below in the discussion is the work planned to 
comprehensively analyse the gene expression of these candidate drought genes. 
Although the focal (Tp6g08250) and adjacent (Tp6g08200) T. parvula genes showed an 
increase in expression under drought conditions (Figure 5.13), this difference was not 
significant (P>0.05). 
 
Figure 5.13. The average fold change in gene expression of the focal and adjacent 
genes of HG 9215 for T. parvula between drought and well-watered conditions. Gene 
expression was normalised against the housekeeping gene, Protein Phosphatase 2A 
Subunit A2 (At3g25800). Averages are based on 3 technical and 3 biological plant 
replicates. Error bars represent standard errors. Asterisk next to gene IDs indicate the 








5.4.4.6.1 Synteny analysis and function of syntenic genes 
Protein domain analysis of HG 7522 revealed both HIT zinc finger and Zinc knuckle 
domains, which have previously been shown to play a role in plant drought and salt 
tolerance (Li et al., 2014d). Similar to HG 7522 and 9215, genes adjacent to the focal gene 
(Tp7g15100) in HG 10098 were identified based on the operon-like gene cluster 
hypothesis. The Tp7g15080 gene, which is near to the focal gene Tp7g15100, was found 
to be syntenic to the At4g16515 gene in A. thaliana (Figure 5.14). The gene Tp7g15110 
was also found next to Tp7g15100 in the T. parvula genome and was identified as syntenic 
to At4g16530 (Figure 5.13). At4g16515 (RGF6) is a root meristem growth factor, required 
for the maintenance of the root stem cell niche, root hair development and root 
gravitropism (Matsuzaki et al., 2010; Fernandez et al., 2013). At4g16530 is an 
uncharacterised protein, although it has been demonstrated that it is regulated by GDS1 
(Growth, Development and Splicing 1) which is involved in abiotic and biotic stress 
responses (Kim et al., 2016). 
 
Figure 5.14. Synteny plots for genes in HG 10098 based on outputs from Genomicus 
Plants. Genes coloured in the same colour denote syntenic, homologous genes. 
 
5.4.4.6.2 Gene expression of possible drought tolerance genes 
Gene expression analysis identified that four of the five genes showed significantly greater 





sample t-tests) (Figure 5.14). This included the focal gene, Tp7g15100, as well as the 
adjacent gene Tp7g15080 and its syntenic counterpart, At4g16515. Although Tp7g15110 
(which is adjacent to the focal gene of HG 10098) was not significantly differentially 
expressed (P>0.05), the syntenic gene At4g16530, which is an uncharacterised protein, 
also showed significantly greater levels of expression under drought (Figure 5.15).  
 
 
Figure 5.15. The average fold change in gene expression of the focal and adjacent 
genes of HG 10098 for T. parvula and the syntenic genes in A. thaliana, between 
drought and well-watered conditions. Gene expression was normalised against the 
housekeeping gene, Protein Phosphatase 2A Subunit A2 (At3g25800). Averages are 
based on 3 technical and 3 biological replicates. Error bars represent standard errors. Blue 
bars show expression of T. parvula genes and red shows expression of A. thaliana genes. 
Asterisks in the figure highlight genes that were significantly differentially expressed 
between drought and well-watered conditions (P<0.05 in two-sample t-tests). The asterisk 







5.4.5 Loss of function mutants  
To further investigate the impact of the candidate genes for all homology groups on plant 
drought responses, A. thaliana loss of function mutants were ordered from NASC (Table 
5.5). For all genes of interests, two SALK lines were ordered which each contained T-DNA 
inserts at different locations within the same gene. These mutants were then confirmed 
via PCR and gel electrophoresis (Appendix 5.2). To date, this has only been completed 
for 13 of the 18 NASC mutant lines. Additionally, further characterisation of these mutants 
was halted by the coronavirus pandemic. Thus, future research to comprehensively 
analyse the impact of gene overexpression on drought responses is outlined in the 
discussion (section 5.5).  
Table 5.5. A summary of SALK lines designed for each A. thaliana gene, the 
homology group (HG) they are associated with and whether mutants have been 
confirmed by PCR. 





















































5.4.6 Overexpression analysis of candidate genes  
The gene expression analysis provided preliminary evidence that some of the candidate 
genes played a role in plant drought response pathways, particularly those that showed 
differential expression under drought conditions. To further understand the role of these 
candidate genes in plant drought responses, these focal genes were overexpressed in A. 
thaliana. To do this, gene constructs (Appendix 5.3) were designed and transformed into 
Agrobacterium and these were used to generate transgenic lines of A. thaliana by floral 
dip. Unfortunately, screening of primary transgenics could not be carried out due to the 
coronavirus pandemic. To date, seeds of Agrobacterium transformed A. thaliana have 
been collected and await selection on antibiotic media. Thus, planned future research 
designed to investigate the impact of gene overexpression on plant drought responses is 
outlined in the discussion (section 5.5). 
5.5 Discussion 
5.5.1 Identification and function of candidate genes 
The work in this chapter aimed to identify a list of candidate genes that may be involved 
in plant drought tolerance, by using a novel comparative genomics approach, namely, 
comparing gene content in relation to plant drought adaptations.  Other studies that have 
tried to link genes to traits, often have an a priori knowledge of what particular families of 
genes might be involved in the trait of interest (Nagy et al., 2020). In doing this, these 
studies are only examining known unknowns and are not able to identify unknown 
unknowns. These are genes that have not previously been linked to the function of 
interest, for example responses to drought (Dunn et al., 2016). The approach used in this 
chapter has the benefit that such genes can be identified as, by examining all genes 
associated with patterns of drought tolerance and sensitivity, there is no inherent bias 
towards a subset of already known genes.  
Using comparative genomics to identify genes for traits is still in its infancy as a field of 





appropriate analytical tools to identify candidate genes from large scale genome datasets 
(Nagy et al., 2020). There are several approaches that have been explored to investigate 
candidate genes linked to traits. These methods begin by reconstructing ancestral 
character states by mapping the gain and loss of a trait of interest onto a phylogeny (as 
completed in Chapter 4). Signatures of genome evolution in relation to trait evolution are 
next investigated by analysing gene groups from the outputs of comparative genomics. 
These approaches aim to identify patterns of gene duplication (Nagy et al., 2014), 
sequence divergence rates (Chikina et al., 2016; Partha et al., 2019) and the frequency of 
gene gain and loss as an indicator of the biological function of genes. The latter of these, 
patterns of gene gain and loss, was the approach utilised in this chapter. 
To this end, queries of the genomic pipeline revealed that there were no broad-scale 
patterns of drought gene loss associated with drought sensitivity across the plant tree of 
life, however, patterns of lineage specific gene loss could be identified. This enabled the 
identification of 238 homology groups that were differentially retained between drought 
tolerant and sensitive plants within plant clades. Further to this, protein domain analysis 
identified 50 homology groups of potential interest for drought tolerance, of which, 6 were 
chosen for further investigation. Based on taxonomic occupancy and protein domain 
analysis, as well as the subsequent preliminary experimental analysis, some of the 
selected HGs appeared to be suitable candidate drought genes. Therefore, the approach, 
incorporating trait evolution into a comparative genomics framework, is potentially effective 
for identifying candidate genes linked to specific adaptations. The effectiveness and 
potential applicability of this approach is discussed in further detail below. 
5.5.2 Mechanisms of conferring drought tolerance 
5.5.2.1 Retrotransposons and drought tolerance 
Protein domain analysis revealed several interesting mechanisms through which the 
identified HGs could play a role in plant tolerance to drought. For example, the protein 





elements. Transposable elements (TEs) or jumping genes, are known to promote various 
chromosomal rearrangements which can, in turn, alter target gene expression (Elbarbary 
et al., 2016; Mita et al., 2016). TEs can operate thousands of nucleotides away from the 
genes that they regulate, however, in many instances they are also found to be proximal 
to their target gene. As a result of their ability to alter the expression of other genes, the 
activity of TEs has been linked to differential plant stress responses. For example, it has 
been shown in tomato plants (Solanum lycopersicum) that drought stress regulates the 
activation of Rider retrotransposons in the tomato plant genome which subsequently 
results in a greater level of drought tolerance (Benoit et al., 2019). As a result of their 
potential impact on gene expression, it was hypothesised that the combination of the 42 
retrotransposon sequences identified in HG 72 in this chapter, and their location in the T. 
parvula genome, may be responsible for altering drought phenotypes. The results of qPCR 
experiments suggested that for the focal gene of this HG, the majority of adjacent and 
syntenic genes were not differentially expressed under drought conditions. However, 
results of qPCR experiments were highly variable across replicates and so it is difficult to 
make firm conclusions about whether or not these genes are involved in plant drought 
tolerance. Further experiments that could help to validate the role of HGs in drought 
tolerance, such as RNA sequencing experiments and the characterisation of mutant 
plants, are discussed below (section 5.5.4). 
5.5.2.2 Regulation of root development 
Plants are known to alter their root and shoot growth rates in response to drought (Smith 
et al., 2012) as highlighted in previous chapters. Under water stress, plants adjust their 
root system architecture by stimulating deeper primary and lateral root growth (Bao et al., 
2014; Orosa-Puente et al., 2018; von Wangenheim et al., 2020). Protein domain analysis 
revealed that several of the HGs and syntenic genes identified in the analysis above were 
involved in the regulation of root development. For example, CIPK25 was identified as 





development (Meena et al., 2019). In loss of function CIPK25 mutants, plant roots have 
been shown to be shorter than in wild type A. thaliana (Meena et al., 2015). Under drought, 
the differential regulation of CIPK25 may be involved in conferring greater tolerance 
(Meena et al., 2015). 
Other homology groups also contained genes that may contribute to plant drought 
tolerance via altered root development. The gene At4g16515 was identified as being 
syntenic to Tp7g15080 (in HG 10098) and has previously been characterised as a root 
meristem growth factor (RGF6). The RGF gene family have been shown to control the 
pattern of root growth and lateral root development (Meng et al., 2012). Therefore, the 
regulation of these genes may also be altered under drought, leading to a difference in 
drought responses via root development. Indeed, this gene was found to be significantly 
upregulated under drought conditions relative to well-watered conditions in qPCR 
experiments. 
5.5.2 Gene expression 
Upon identification of candidate HGs and syntenic genes, attempts were made to validate 
the comparative genomics approach, by assessing the relative expression of identified 
candidate genes under drought and well-watered conditions. There were a couple of 
promising results from these experiments, for example, both the focal gene of HG 10098 
as well as all but one of the adjacent and syntenic genes tested in qPCR experiments, 
showed significantly greater levels of expression under conditions of drought compared to 
well-watered conditions. This suggests that these genes are likely to be drought 
responsive and could play a role in the plant stress response. However, the gene 
expression analyses was not entirely clear cut for all homology groups, making it difficult 
to decisively conclude whether the comparative genomic approach taken in this chapter 
is a valid method of identifying unknown drought tolerance genes. For instance, there were 
cases (such as in HG 2909 and HG 72) where the focal and syntenic candidate genes 





that were not significantly differentially expressed were not drought responsive. However, 
there was also a high degree of variability in the levels of gene expression seen across 
biological plant replicates. It is possible that this could reflect the high variability of 
responses to drought seen across individual plants (Guo et al., 2014; Pabuayon et al., 
2016). Another important factor that could have impacted upon the levels of gene 
expression observed for individual plants is the degree to which each individual plant was 
stressed during the drought experiment. Multiple factors could have affected the severity 
of drought experienced, including the placement of plants in the growth cabinet (for 
example, near a fan). In future repeats of these experiments, these factors should be 
considered and mitigated. Further house-keeping genes could also be included as controls 
in qPCR experiments to further normalise the gene expression data and control for 
variability across individual plants (Guo et al., 2014; Pabuayon et al., 2016). 
5.5.4 Planned further work 
Due to the coronavirus pandemic, there are several components of this experimental 
chapter that could not be completed. The proposed future work to further validate the 
comparative genomics approach to finding novel drought genes is therefore discussed 
below.  
Firstly, gene expression analysis (via qPCR) of the remaining genes that could not be 
completed prior to lockdown would be conducted. To date, 22 primer pairs have been 
successfully confirmed for both drought and well-watered samples. The primers for these 
7 genes (72: At2g26290, 72: Tp7g04210, At5g37820, At5g37850, 5775: Tp2g22410, 
At5g25110, 9215: At4g09340) had been re-designed but further analysis would need to 
be completed to finalise conclusions about the expression of all candidate and syntenic 
genes (Table 1.1). 
Secondly, there were many candidate genes that could not be investigated. 238 Homology 
Groups were originally identified to be differentially retained between drought tolerant and 





Instead of conducting further qPCR expeirments, an RNA-seq experiment would enable 
all of these 238 homology groups to be comprehensively characterised. Such an 
experiment would compare gene expression across all genes under drought and well-
watered conditions for T. parvula and A. thaliana. This would also help to validate the 
findings of qPCR experiments presented in this chapter.  
In addition to these experiments, the full characterisation the loss of function A. thaliana 
mutant lines (from NASC) would provide insight into the potential functions of the identified 
candidate syntenic genes and their potential role in drought tolerance. To do this, mutant 
lines would be subjected to drought and well-watered conditions. Key physiological traits 
would then be compared between wild type and mutant plants, such as leaf area, rosette 
weight and root growth. Finally, overexpression experiments would be completed, to 
assess whether the identified focal genes in T. parvula could confer drought tolerance on 
A. thaliana plants. As with loss of function mutants, drought experiments with these 
transgenic plants would provide insights into the function of these genes. 
5.6 Conclusion 
In this chapter, genes from six Homology Groups have been identified that are potentially 
involved in plant drought tolerance. These were identified based on their occupancy 
amongst drought tolerant and sensitive species. Protein domain analysis and gene 
expression experiments under drought conditions provide initially promising insights into 
the function of these genes. Further analysis, as described above, would reveal the extent 
to which these genes are able to produce plants with greater drought tolerance while 
maintaining growth and may help to validate the comparative genomics approach applied 
here as a method to identify novel drought tolerance genes. If valid, this approach could 
be used to identify genes involved in other key plant adaptations such as salt tolerance 































6.1 Understanding plant evolution through genome analysis 
The overarching goal of this thesis, as outlined in the introduction, was to explore the 
evolution of genes involved in the major transitions in plant evolution and the 
consequences of these events for some of the traits associated with these transitions, 
including drought tolerance. As detailed in chapters 2-5, plant evolution was investigated 
through the analysis of genes, genomes and traits. Specifically this was completed by 
addressing four aims below.  
 Examine gene gains and losses across the plant tree of life 
 Investigate gene group dynamics in relation to drought tolerance innovations 
 Understand how drought tolerance as a trait has evolved 
 Discover unknown drought tolerance genes by incorporating trait evolution into a 
comparative genomic framework 
The progress made in addressing these aims is discussed below, placing the findings of 
each chapter in the context of the thesis as a whole. 
6.2 Loss and gain of homology groups during plant diversification 
Understanding the role of gene novelty and gene loss is intrinsically linked to our 
understanding of organismal evolution. It has previously been established that gene 
novelty was integral to the origin of animals (Paps et al., 2018). In the first research chapter 
of this thesis (Chapter 2), it was identified that patterns of gene novelty were equally 
important for plant diversification. Specifically, the origin of Streptophyta (50 HGs) and 
Embryophyta (103 HGs) were associated with large bursts of gene novelty. These novel 
genes in Streptophyta were associated with increasing complexity of the cell wall, 
signalling pathways and stress responses which are indicators of multicellularity. In 
Embryophyta novel genes, functions were linked to UV light protection, environmental 
stress signalling and host microbe interactions which are hallmarks of terrestrialisation. 
Other major nodes within land plants also display genomic novelty although in a lesser 





Tracheophyta, Spermatophyta and Angiosperms respectively. This indicates that novelty 
was important for these groups and enabled re-wiring of genetic toolkits, increasing the 
adaptive plasticity of plants to changing environments.  
These findings highlight a broader aspect of plant evolution. In “On the Origin of Species”, 
Charles Darwin postulated that species arose over long periods of time through a 
mechanism of slow and gradual change (Darwin, 1859). However, what could not be 
established at the time was the genetic basis of this gradual change and how it enabled 
evolution to occur. Since then, technological revolutions have transformed our 
understanding of the diversity of life at the DNA level (Li, 2018; Li et al., 2018b). Through 
this study of plant DNA, the mechanisms by which plant species diversify are becoming 
better understood. It has since been suggested that organisms can also undergo rapid 
bursts of evolutionary change, termed punctuated equilibria (Gould et al., 1993). This 
process is consistent with the two bursts of genomic novelty leading to the evolution of 
land plants, suggesting dramatic evolutionary change. 
These findings alone can only offer partial insight into the genetic factors contributing to 
the evolutionary history of plants. There are distinct biological patterns that can be 
attributed to unbalanced gene novelty seen across the Archaeplastida phylogeny. Recent 
analysis of one thousand plant transcriptomes investigated patterns of gene birth, 
expansion and contraction for 23 gene families (Leebens-Mack et al., 2019). Gene birth 
(or novel genes) and gene family expansion were common to Viridiplantae, Streptophyta 
and Embryophyta whilst gene family contraction was most common in the origin of 
flowering plants. Although only based on a small sampling of genes, this result is 
consistent with the findings in this chapter that there was a switch from gene novelty to 
more complex gene family dynamics in the evolutionary history of plants.  
This highlights the complexity of plant genomes and the processes contributing to plant 
genome evolution. Plant genomes are characterised by multiple rounds of whole genome 





processes such as loss of duplicate genes and repetitive elements, chromosome 
restructuring and genome downsizing (Wendel et al., 2016). This can lead to large 
expansions of gene family size through gene duplication and diversification, which can 
enable the radiation of diverse plant forms and functions (Harrison, 2017). For example, 
many gene families linked to flowering plant development are found in the ancestor of 
Embryophyta and have diversified throughout the evolutionary history of plants (Rensing 
et al., 2008; Hori et al., 2014). Due to the broad clustering of HGs, as opposed to orthology 
groups, patterns of gene duplication could remain undetected. Duplicated genes are likely 
to be placed within the same HG and as such further analysis, such as gene tree inference, 
would be needed to distinguish the orthology and paralogy relationships of genes within 
the same HG. 
It has also been shown that many flowering plant transcription factors, known to be 
involved in plant development, have homologs in early diverging land plants (e.g. bHLH, 
Homeobox transcription factors) (Catarino et al., 2016). This suggests there was an 
ancient repertoire of genes in the ancestral land plant and that many have been recruited 
to coordinate the development of new structures (Pires et al., 2012). This process, of using 
old genes for novel functions, is termed co-option. To a certain degree, the role of these 
two other genetic factors forms the basis of research questions that Chapter 3 aims to 
begin to address. Other factors such as horizontal gene transfer (Yue et al., 2012; Cheng 
et al., 2019; Wickell et al., 2019) and parasitism (Kado et al., 2018; Vogel et al., 2018), 
which are common to plants, can impact gene content. Furthermore, non-coding regions, 
such as the activity of transposable elements, can have consequences for genome 
architecture and function (Wendel et al., 2016). 
Additionally, the inclusion of new, taxonomically significant genomes may change the 
clustering of Homology Groups which is discussed in more detail below (section 6.5). 
These genomes would include the first two fern genomes (Azolla filiculoides, Salvinia 





Zhang et al., 2020b)) and a number of genomes from streptophyte algal lineages including 
Chlorokybus atmophyticus, Mesostigma viride (Wang et al., 2019), Chara braunii 
(Nishiyama et al., 2018) and Spirogloea muscicola (Cheng et al., 2019). However, to date, 
this is the largest published comparative genomic study of plants, incorporating genome 
data from a diverse range of plant taxa with comprehensive outgroup sampling using 
complete genomes, providing unprecedented insight into plant genome evolution. 
6.3 Gene group dynamics for the evolution of plants on land 
As highlighted above, other genetic factors, other than conserved gene novelty, are crucial 
for plant evolution. With an interest in investigating the evolution of drought tolerance, 
three innovations (stomata, vascular tissue, roots) were investigated that play an integral 
role in plant drought responses. The work in this chapter identified the role of gene novelty, 
gene duplication and gene co-option for the evolution of these innovations (Chapter 3). 
These finding suggest that distinct evolutionary mechanisms are responsible for the 
evolution of each of these innovations. They also emphasise the role of water during the 
course of plant evolutionary history for driving adaptations to novel environments. This is 
due to the stepwise nature of the emergence of stomata, vascular tissue, primary roots 
and lateral roots in the ancestors of land plants, vascular plants, Euphyllophyta and seed 
plants respectively.  
Typically, across all innovations, the pattern of switching from gene novelty in early land 
plant evolution to more complex evolutionary dynamics of genes was observed. Co-option, 
the repurposing of old genes for new functions, appears to be a common feature of plant 
developmental pathways. Clear signatures of novel genes were generally not identified for 
the evolution of innovations that originated after the divergence of land plants (Figure 3.1). 
This finding could have important implications for the evolution of the entire gene repertoire 
of plants. Expanding sampling across all plant genes to analyse patterns of gene 





There is strong debate around the origin of active stomatal closure in plants, in the 
ancestor of seed plants (Brodribb et al., 2011; McAdam et al., 2012, 2013) or earlier 
(Ruszala et al., 2011; Cai et al., 2017). The analysis presented here suggest that active 
stomatal closure originated in the ancestor of seed plants. However, this process occurred 
in a stepwise manner through duplication of core regulatory genes in the ABA signalling 
pathway in the euphyllophyte ancestor. Active control of seed plant stomata occurs in 
response to ABA under drought stress (Sussmilch et al., 2017b). Carrying this work 
forward, it would be interesting to investigate the function of duplicate genes for drought 
induced stomatal closure. 
As confirmed in this work, and in other studies, stomata were present in the ancestor of 
land plants and are present in every major lineage apart from liverworts (Chater et al., 
2017; Harris et al., 2020). This loss of stomata in liverworts and some mosses occurred 
through a process of reductive evolution (Duckett et al., 2018; Harris et al., 2020). In 
liverworts, the air pore complex has independently evolved to enable gas exchange (Jones 
et al., 2017). The evolutionary development of these analogous features likely required an 
individual genetic toolkit, facilitated by lineage specific gene group novelty and expansion. 
Future analysis of bryophyte genomes, which are now available, would enables us to ask 
questions about how the air pore complex independently evolved (Rensing et al., 2008; 
Bowman et al., 2017; Li et al., 2020a). 
These innovations are crucial for the evolution of plants on land, adapting to a myriad of 
environmental stresses. Root hairs, primary roots and lateral roots increasingly enabled 
fine-tuned responses of plants to water uptake. Vascular tissue enabled efficient water 
transport, promoting the development of plants with increased height, photosynthetic 
capacity and potential to colonise diverse habitats. Stomata and the evolution of stomatal 
control facilitated rapid responses to desiccation and drought stress which were common 





their function and their patterns of diversification is integral to understanding the evolution 
of plants on land. 
6.4 The evolution of drought tolerance 
In the previous chapter, the evolution of the genetic networks leading to the development 
of stomata, vascular tissue and roots was explored, as these innovations were intrinsically 
linked to drought tolerance. To understand the evolution of drought adaptations as a 
whole, the taxonomic occupancy and ancestral state reconstruction of drought adaptations 
as a collective trait was investigated (Chapter 4). This revealed that the first land plants 
were drought adapted and likely capable of desiccation tolerance whilst the first vascular 
plants were drought adapted and likely drought tolerant. The results from multiple 
ancestral state reconstruction methods incorporating species tree information for 178 
Archaeplastida species found similar results providing robust support to the research 
findings. These findings highlight the changing relationship of plants with water, during the 
course of land plant evolution beginning ~500 million years ago.  
In a recent essay on reconstructing trait evolution, the importance of understanding the 
evolutionary relationships of a study’s organisms were emphasised (Delaux et al., 2019). 
Although the species tree used in this analysis described the known relationships of 
Archaeplastida accurately, there were several branches that were misplaced (e.g. the 
lycophyte Selaginella moellendorffii, Figure 4.1). In future analyses, multiple species tree 
estimation approaches would be compared, most notably coalescent based analyses (e.g. 
ASTRAL Zhang et al., 2018a) contrasted with concatenation based approaches. 
Concatenation based approaches concatenate multi-gene alignments and analyse these 
in a single analysis (Kubatko et al., 2007). Coalescent-based approaches build a species 
tree by reconstructing multiple individual gene trees and then summarising the output into 
a single species tree (Springer et al., 2014). This second approach has successfully been 
used to understand the evolutionary relationships of Archaeplastida (Leebens-Mack et al., 





advances now enable species trees to be built from multiple copy genes, as opposed to 
single copy genes, which would be particularly advantageous given the broad clustering 
of Homology Groups (Zhang et al., 2020a). 
The species used to reconstruct the evolutionary history of drought tolerance were present 
in the genomic dataset. This formed the basis of the integration of drought tolerance 
characters into a comparative genomics framework detailed in Chapter 5. This collective 
drought tolerance trait was defined in the broadest terms for species across the tree of life. 
This was completed by searching species name in relation to a series of drought 
adaptation terms such as drought tolerance, drought resistant and drought sensitive 
(Table 4.1). Although, applicable for the phylogenetic breadth of the dataset, this does not 
capture the diversity of drought responses. For example, the tree Populus pruinosa 
survives in desert environments by accessing hypersaline underground water (Yang et al., 
2017b) and the resurrection plant Boea hygrometrica by altering the expression of 
dehydration responsive genes (Xiao et al., 2015). The drought adaptation, crassulacean 
acid metabolism (CAM), has evolved multiple times and therefore is found across the plant 
phylogeny (Liu, 2015; Ming et al., 2015; Yang et al., 2017c). This drought avoidance 
mechanism enables the uptake of carbon dioxide at night when temperatures are lower, 
reducing water loss (Bräutigam et al., 2017). To capture this diversity of drought 
responses, experimental evaluation of non-terminal and terminal drought stress could be 
considered, as seen for the genus Vigna (Iseki et al., 2018) for a selection of plant species 
with genomic representation. Findings from this work found similar patterns of drought 
sensitivity in domesticated species with the potential for improvement of drought tolerance 
from crop wild relatives (Iseki et al., 2018). The experimental approach would allow for 
quantification and comparison of drought responses across a broad range of taxa. 
Additionally there are many more drought tolerant and drought sensitive species in the 
plant phylogeny. For example, the drought adapted species within the lycophyte order 





(Volkova et al., 2010) and the desiccation tolerant species in the genus Xerophyta (Gaff, 
1971) to name but a few. As mentioned in the discussion of Chapter 4, the work of 
characterising drought response across a greater diversity of plants has begun with trait 
databases such as TRY (Kattge et al., 2020). However, this data for species tolerance to 
drought is only available for euphyllophytes. To fully characterise the evolutionary history 
of drought tolerance, a broader taxonomic sampling of drought tolerant and sensitive 
species should be completed.  
Taking into account these limitations of taxonomic coverage, the LCA of Embryophyta and 
Tracheophyta were likely identified as desiccation and drought tolerant respectively. With 
the ancestors of these plant groups likely adapted to variable water availability, any 
incidences of drought sensitivity represent loss of this trait. A major correlation for drought 
sensitivity in plants were crop species that have been domesticated (Figure 4.4). This has 
major implications for food security. This artificial selection process has reduced the 
genetic diversity of crop species which means that many crops have lost particular stress 
tolerance (Zhang et al., 2017b). In an ever changing climate, crop yield will likely become 
less predictable. Therefore, crop wild relatives are being considered as a pool of genetic 
diversity to improve crop stress tolerance. Additionally, novel approaches to identify stress 
tolerant genes are required which was the aim of final research chapter of this thesis. 
6.5 Application of evolutionary genomics approach for identifying drought 
tolerance genes 
The results from the previous chapter provided the rationale that any cases of drought 
sensitivity will be accompanied by the loss of drought tolerance genes. In the final research 
chapter of this thesis, an evolutionary approach focussing on lineage specific gene loss to 
identify target drought tolerance genes is described, followed by preliminary functional 
evaluation to validate these computational findings (Chapter 5). Based on taxonomic 
occupancy of genes, protein domain analysis and synteny analysis, the candidate drought 
tolerance genes were suitable for experimental analysis. This suggests that the application 





could be effective in determining uncharacterised genes linked to drought tolerance. 
Although initially promising, the experimental component of this work was halted by the 
coronavirus pandemic. Therefore, further experimental work is needed to fully characterise 
the function of candidate drought tolerance genes.  
There are several important environmental stresses that limit crop productivity. Aside from 
drought stress, major limitations for securing crop yield include extremes of light 
availability, UV radiation, temperature, heavy metal and salinity (Pereira, 2016). Salt stress 
and plant adaptations to saline environments are well characterised. Additionally, the 
evolution of salt tolerance has been thoroughly investigated, finding multiple origins across 
euphyllophytes (Flowers et al., 2010). As a well characterised trait whose evolution is also 
well understood, salt tolerant plants may be more easily identifiable than drought tolerant 
plants and, thus, could be mapped onto a phylogeny to facilitate the identification of novel 
candidate genes involved in salt tolerance. 
This raises a broader point about the need for novel approaches to develop stress tolerant 
crop varieties. Food security is a major global agenda (Godfray et al., 2010). Coupled with 
a rise in population size are issues associated with climate change which is predicted to 
alter crop yields through pollinator decline, impacts from pests, pathogens, weeds and 
abiotic stresses (Myers et al., 2017). Considering these factors, there is an emphasis to 
sustainably intensify agriculture, by producing greater yield from the same area of land 
(Garnett et al., 2013; Godfray et al., 2014).  
A component of this will be producing crops with greater stress tolerance, guided by 
evidence from plant genomes. Recent genome sequencing of barley (Hordeum vulgare 
L.) and wheat (Triticum spp.) lines revealed the genomic diversity amongst crop lines and 
wild relatives with an interest in improving breeding programs. This genome data will 
provide insights into future crop cultivars, with increased yield, stress tolerance and 
adaptation to diverse environments (Jayakodi et al., 2020; Walkowiak et al., 2020). Future 





crops by further identifying the genetic variation within crops (Lewin et al., 2018). This 
highlights the significance of genome data and the revolutionary impact it will have for crop 
science research (Michael et al., 2013) as well as the field of plant sciences more broadly 
including everything from evolution (Soltis et al., 2020) to developmental biology (Sinha, 
2011). 
6.6 Future research 
The genome data that supports the main body of this thesis was sourced in January 2018. 
At the time, there were key phylogenetic positions where genomic representation was 
missing. Since then, as highlighted by Fig. 1.2, genome availability has increased rapidly. 
Additional to the genomes highlighted in Section 6.2, future analysis would include 
genome data from the chlorophyte Prasinoderma coloniale (Li et al., 2020b), the moss 
Calohypnum plumiforme (Mao et al., 2020), the lycophyte Selaginella lepidophylla 
(VanBuren et al., 2018) and the gymnosperm Sequoiadendron giganteum (Scott et al., 
2020) to improve the evolutionary resolution of analysis for non-flowering plant genomes. 
Evolutionary significant flowering plant genomes to be incorporated into future analysis 
would include the ANA grade angiosperm Nymphaea colorata (Zhang et al., 2019a), 
several magnoliid genomes (Chaw et al., 2019; Chen et al., 2019; Rendón-Anaya et al., 
2019), the first Ceratophyllales genome (Yang et al., 2020) and the early-diverging eudicot 
Aquilegia coerulea (Filiault et al., 2018).  
In part, this genomic revolution is supported by genome sequencing projects that aim to 
sequence the diversity of life. These include the 10KP project (Cheng et al., 2018), aiming 
to sequence 10,000 diverse plant genomes by 2023, the Darwin Tree of Life Project 
(Wellcome Sanger Institute, 2020) that aims to sequence all 60,000 eukaryotic species in 
Britain and Ireland and finally the Earth BioGenome Project (Lewin et al., 2018), which 
aims to sequence the genomes of all of Earth’s 15 million eukaryotic species by 2028. The 





genome sequencing projects would improve the resolution and detail of comparative 
genomic analysis.  
Below are two examples of potential new insights for the major transitions in the plant tree 
of life from genome analysis. Firstly, as identified in the work in Chapter 2, the origin of 
land plants and Streptophyta were associated with two large groups of gene novelty. The 
last common ancestor of Streptophyta emerged approximately 700 million years ago 
(Morris et al., 2018). This period in Earth’s history is classified as the Cryogenian, a period 
in which the Earth was almost completely frozen, known as a snowball Earth (Brocks et 
al., 2017). The divergence of streptophyte algae in this environment had important 
implications for the evolution of the Earth’s atmosphere, through global oxygenation 
events (Lyons et al., 2014; Hoffman et al., 2017). Recent molecular phylogenetic analysis 
has placed the streptophyte algal lineage Zygnematophyceae as the sister group to land 
plants (Figure 1.1) (Wickett et al., 2014). It would be interesting to investigate whether the 
ancestor of Zygnematophyceae and land plants were present on the ice surface in the 
Cryogenian and what were the biological innovations required for life in these 
environments including extremes of heat, UV radiation and a lack of water. Comparative 
genomic analysis with the extra streptophyte algal genomes highlighted above would 
provide detailed analysis of the processes of plant terrestrialisation, the genes that 
enabled this transition and the consequences for other eukaryotic life. 
Secondly, gene duplication is a common origin of biological novelty. For example, recently, 
in the animal kingdom, it has been identified that gene duplication played an important role 
in metazoan evolution (Fernández et al., 2020; Guijarro-Clarke et al., 2020). Whole 
genome duplication, or polyploidy, is the process that creates an organism with an 
additional copy of its entire genome and is a common phenomenon in the plant kingdom 
(Leebens-Mack et al., 2019). However, the frequency of whole genome duplication in 
plants is widely contested (Jiao et al., 2011; Ruprecht et al., 2017). Another explanation 





2016). Regardless of the origin of duplicated genes, they are able to facilitate the 
acquisition of novel components in the genetic toolkit (Moriyama et al., 2018). After gene 
(or genome) duplication, additional genes are free to evolve novel functions as they are 
not essential to the plant’s biology. When doubled genes evolve an advantageous 
function, this can lead to phenotypic and adaptive evolution. With this new genome data, 
it would interesting to assess gene family dynamics for the major transitions of plants, 
specifically investigating the prevalence of gene family expansion and contraction and 
biological implications of gene diversification.  
Including more data to comparative genome analysis would likely change the results of 
HGs identified to have emerged during the major transitions in the plant phylogeny. This 
may lead to a separation of HGs at different plant nodes. For example, some Novel Core 
HGs found in all seed plants may in fact be present in all Euphyllophyta. Alternatively, 
extra genomic data may improve the definition of distinct HGs, providing more support for 
the clustering of genes within groups. Inclusion of more data may also answer questions 
about the evolution of genes important for water regulatory innovations. For example, as 
discussed above, there is debate around the origin of active stomatal control. Genomic 
representation for fern species may clarify the origin of stomatal signalling genes or 
patterns of stomatal gene diversification. This classification could provide insights into 
stomatal physiology and activity in ancestral plants under different atmospheres which 
may be informative for future stomatal physiology in atmospheres with greater CO2 
concentrations. 
Additionally, the predicted influx of genome data will require appropriate analytical tools 
for comparative genomics and phylogenetics. These tools need to balance analytical 
accuracy with computational speed and data storage requirements. This work is beginning 
to be produced by the scientific community, e.g. the latest version of OrthoFinder provides 
a higher accuracy of orthology inference compared to earlier versions (Emms et al., 2015, 





sequences and is significantly computationally faster than BLAST (Altschul et al., 1990), 
which is particularly relevant when working with large datasets. These technological 
advances and others to come will improve the speed and accuracy of comparative 
genome analysis, providing greater insight into the plant evolution. 
6.7 Conclusion 
Overall, analyses reported in this thesis have investigated the evolutionary dynamics of 
genes in the course of the evolutionary history of plants. Plants exhibited striking patterns 
of gene, genome and trait evolution. With the increasing wealth and diversity of genome 
data, intricate questions can be asked about the diversification of plants over the last billion 
years, the factors that can explain this diversity and the ways this information can be used 
to address applied biological questions. Major priorities for future research will be to 
understand the complex patterns of plant genome evolution in extensive detail and the 
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Appendix 1 The Origin of Land Plants Is Rooted in Two Bursts of Genomic 
Novelty.  
  
Bowles, A.M.C., Bechtold, U., and Paps, J. (2020). The Origin of Land Plants Is Rooted in 







































































Appendix 2: related to work presented in Chapter 2 
 
 
Figure S8.1. Phylogeny of species sampled in this study.  
Evolutionary relationships of species with whole genomes sequenced (Goffeau et al., 
1996; The C. elegans Sequencing Consortium, 1998; Adams et al., 2000; Kaul et al., 2000; 





2004; Matsuzaki et al., 2004; Eichinger et al., 2005; Tuskan et al., 2006; Derelle et al., 
2006; Aury et al., 2006; Palenik et al., 2007; Jaillon et al., 2007; Merchant et al., 2007; 
Ming et al., 2008, 2013, 2015; Rensing et al., 2008; Bowler et al., 2008; Paterson et al., 
2009; Schnable et al., 2009; Worden et al., 2009; Broad Institute, 2009, 2010; Haas et al., 
2009; Huang et al., 2009, 2013, 2016; Blanc et al., 2010; Prochnik et al., 2010; Blanc et 
al., 2012; Schmutz et al., 2010, 2014; Velasco et al., 2010; Vogel et al., 2010; Chan et al., 
2010; EMBL-EBI, 2010; Fritz-Laylin et al., 2010; Hellsten et al., 2010, 2013; Kim et al., 
2010, 2014, 2017; Martin et al., 2010; Shulaev et al., 2011; The Brassica rapa Genome 
Sequencing Project Consortium et al., 2011; Xu et al., 2011, 2013c, 2013a, 2017b, 2017a, 
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Figure S8.3. Five hypothetical species trees demonstrating the classification of the 
different evolutionary significant HG classifications.  
All definitions are with reference to the clade of interest indicated by the dot in the tree. 
Ancestral HGs are genes present in the first splitting lineage of clade (Species_6) and at 
least one other lineage within a clade. They may also be present in older lineages 
(Species_2). Ancestral Core HGs are genes present in every single lineage of a clade 
(or absent only once). They may also be present in older lineages (Species_2). Novel 
HGs are genes present in the first splitting lineage of clade (Species_6) and at least one 
other lineage within a clade. However they are absent outside the clade of interest. Novel 
Core HGs are genes present in every single lineage of a clade (or absent only once) and 
are absent in taxa outside the clade of interest. Lost HGs are genes absent in the clade 
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Figure S8.4. The evolution of phytohormone biosynthesis and signalling. 
Shapes represent genes or steps in phytohormone pathways. Block orange rectangles 
and pentagons indicate non-genetic elements in phytohormone pathways whilst faded 
shapes indicates genes involved. Squares are genes that are involved in biosynthesis, 
hexagons are genes involved transport and circles are genes involved signalling. Each 
gene is colour coded by its phylogenetic appearance; that is, this gene is found in at least 
the Last Common Ancestor of each retrospective clade. For each of the major 
phytohormones, a recent paper was sourced to inform its known genetic pathway. Figures 
from the following papers were adapted to understand the evolution of each retrospective 
phytohormone: Abscisic Acid (Cai et al., 2017); Auxin (Leyser, 2018); Brassinosteroid 
(Clouse, 2011; Chung et al., 2013); Cytokinins biosynthesis (Hirose et al., 2007) & 
signalling (Hutchison et al., 2002); Ethylene (Ju et al., 2015a); Gibberellic Acid 
biosynthesis (Yamauchi et al., 2004) & signalling (Middleton et al., 2012; Freschi, 2013); 
Jasmonic Acid (Wasternack et al., 2013); Salicylic Acid biosynthesis (Tamaoki, 2008) & 
signalling (Caarls et al., 2015); Strigolactone signalling (Saeed et al., 2017) & biosynthesis 














Table S8.1. Increasing phylogenetic coverage of sampled species. Novel Core 
Homology Groups removed based on BLAST against newly published genomes of Chara 
braunii (Nishiyama et al., 2018) and the ferns, Azolla filiculoides and Salvinia cucullata (Li 
et al., 2018a). Based on a 50% sequence similarity and a bitscore of over 150 (or over 
250 if sequence similarity was below 50%), the categorisation of Novel Core Homology 
Groups was assessed. The LCA of Phragmoplastophyta and Euphyllophyta could not 
previously be assigned any Novel Core HGs due to genomic taxonomic sampling. Here 
these HGs are assigned to these nodes in the plant phylogeny. 50 Streptophyta Novel 
Core HGs supported by high sequence similarity and bitscore in Chara braunii. A further 
45 HGs were assigned as Novel Core to Streptophyta but homologous sequences were 
not found in Chara braunii which has extensive gene loss (Nishiyama et al., 2018). These 
searches were taken as an indicator of the likelihood of homology. However, BLAST 
searches alone are not entirely accurate for homology assignment (Paps et al., 2018). To 
categorically confirm the inclusion of a sequence within a HG, the pipeline approach would 


















Archaeplastida 1 1 
Viridiplantae 14 10 
Streptophyta 127 50  
Phragmoplastophyta NA 22 
Embryophyta 168 103 
Tracheophyta 19 8 
Euphyllophyta NA 8 
Spermatophyta 65 55 
Angiosperm 19 16 
Mesangiospermae 1 1 
Monocots 1 1 





Appendix 3: related to work in Chapter 3 
Table S8.2. Summary of novel, duplicated and coopted HGs linked each 
innovations. The origin of each innovation (root hairs, roots, lateral roots, vascular tissue, 
stomatal development and signalling) is highlighted in bold. 
Root hairs 
Gene Strepto. Embryo. Tracheo. Euphyllo. Spermato. Angio. 
Novel 4 7 0 0 1 1 
Duplicated 0 1 0 0 8 4 
Co-opted 0 0 0 0 0 0 
Roots 
Gene Strepto. Embryo. Tracheo. Euphyllo. Spermato. Angio. 
Novel 6 7 1 3 2 3 
Duplicated 1 2 5 0 8 14 
Co-opted 0 0 0 0 0 0 
Lateral roots 
Gene Strepto. Embryo. Tracheo. Euphyllo. Spermato. Angio. 
Novel 4 9 1 0 4 4 
Duplicated 0 2 1 0 13 9 
Co-opted 0 0 0 0 0 0 
Vascular tissue 
Gene Strepto. Embryo. Tracheo. Euphyllo. Spermato. Angio. 
Novel 5 15 3 0 4 3 
Duplicated 0 5 2 0 17 10 
Co-opted 0 0 9 0 0 0 
Stomatal development 
Gene Strepto. Embryo. Tracheo. Euphyllo. Spermato. Angio. 
Novel 1 6 1 0 0 1 
Duplicated 1 2 2 0 4 6 
Co-opted 0 0 0 0 0 0 
Stomatal signalling 
Gene Strepto. Embryo. Tracheo. Euphyllo. Spermato. Angio. 
Novel 4 5 0 0 2 0 
Duplicated 3 2 2 6 15 7 











Table S8.3. Evolutionary dynamics of genes linked to root hairs, roots and lateral 
roots. The origin of each innovation is highlighted in bold.  













ZFP5 Q39264 Novel 


























   
Dup. Dup. 
GL2 P46607 Novel 
   
Dup. Dup. 
WER Q9SEI0 Novel 











































CTR1 Q0WUI6 Dup. 
     
TTL1 Q9MAH1 Novel 
    
Dup. 
AXR2(3) Q38825 





















   
Dup. 
BRL3 Q9LJF3 Novel 
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PLS Q8LLV8 
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ACS5(9) Q37001 
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AHK3 Q9C5U1 
     
Dup. 
EIN3 O24606 Novel Dup. 
   
Dup. 
IPT5 Q94ID2 















     
Novel 
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Table S8.4. Evolutionary dynamics of genes linked to vascular tissue. The origin of 
each innovation is highlighted in bold.  
 


















ATHB8 Q39123 Novel 
     




























   
PIN1 Q9C6B8 Novel 
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Table S8.5. Evolutionary dynamics of genes linked to stomata signalling and 
development. The origin of each innovation is highlighted in bold.  
 





























   
COP1 P43254 











     
Novel 
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Stomatal Signalling 
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CNGC O65717 Novel 
   
Dup. Dup. 
VHA Q570K4 


































Appendix 3.1: Phylogenetic trees discussed in the text of Chapter 3. For all trees 
analysed in Chapter 3, see Supplementary Data 3.2. Values on branches indicate 
bootstrap support values. For each gene, a tree with and without branch lengths is 
provided for ease of viewing. 
Appendix 3.1.1. Phylogenetic trees for stomatal signalling genes discussed in 
Chapter 3. 
Appendix 3.1.1.1 Gene duplications in the ancestor of Spermatophyta 
 
Figure S8.5. Maximum likelihood gene tree for GUARD CELL HYDROGEN 

















Figure S8.6. Maximum likelihood gene tree for MITOGEN-ACTIVATED PROTEIN 














Figure S8.7. Maximum likelihood gene tree for RESPIRATORY BURST OXIDASE 








Figure S8.8. Maximum likelihood gene tree for QUICK ANION CHANNEL 1 (QUAC1, 






















Figure S8.9. Maximum likelihood gene tree for Potassium channels AKT1/ KAT2 











Figure S8.10. Maximum likelihood gene tree for GUARD CELL OUTWARD 
RECTIFYING K(+) CHANNEL (GORK, Uniprot ID: Q94A76) without (A) and with 


















Figure S8.11. Maximum likelihood gene tree for CHLORIDE CHANNEL PROTEIN 








Figure S8.12. Maximum likelihood gene tree for CYCLIC NUCLEOTIDE-GATED ION 









Figure S8.13. Maximum likelihood gene tree for VACUOLAR PROTON 













Figure S8.14. Maximum likelihood gene tree for RHO OF PLANTS GUANINE 
NUCLEOTIDE EXCHANGE FACTOR 1 (GEF1/4, Uniprot ID: Q93ZY2) without (A) and 















Figure S8.15. Maximum likelihood gene tree for SLOW ANION CHANNEL-
















Figure S8.16. Maximum likelihood gene tree for ABSCISIC ACID INSENSITIVE 4 

























Figure S8.17. Maximum likelihood gene tree for SNF1-RELATED KINASE (SnRK2, 








Appendix 3.1.1.3 Gene duplications in both the ancestors of Euphyllophyta and 
Spermatophyta 
 
Figure S8.18. Maximum likelihood gene tree for SLOW ANION CHANNEL-




















Figure S8.19. Maximum likelihood gene tree for RHO-RELATED PROTEIN FROM 










Appendix 3.5.2. Phylogenetic trees for vascular tissue development genes 
discussed in Chapter 3. 
 
Figure S8.20. Maximum likelihood gene tree for PHLOEM INTERCALATED WITH 











Figure S8.21. Maximum likelihood gene tree for TARGET OF MOOPTEROS 5 (TMO5, 







Appendix 3.5.2. Phylogenetic trees for root hydrotropism genes discussed in 
Chapter 3. 
 
Figure S8.22. Maximum likelihood gene tree for MIZU-KUSSEI 2 (MIZ2, Uniprot ID: 

















Figure S8.23. Maximum likelihood gene tree for MIZU-KUSSEI 1 (MIZ1, Uniprot ID: 















Appendix 4: related to work in Chapter 4 
Table S8.6. A list of the Archaeplastida species in the genomic dataset, a four letter 
species code, a drought adaptation status, the literature for any drought status and 
the cultivation status. For the drought adaptation status, plants were characterised as 
drought adapted, drought sensitive or for plants, with no clear response drought response 
uncertain, undefined. Briefly this characterisation was completed with a literature search 
to create a collective definition of a drought adapted and drought sensitive plant. The 
literature search queried the literature with the name of each species and a relevant 
drought search term (as detailed in Table 4.1). These databases included PubMed, Web 
of Science and Google Scholar. An example for a search identifying a drought adapted 
species would be the query for Kalanchoë fedtschenkoi with the resulting text reporting 
‘Our findings (from the genome of Kalanchoë fedtschenkoi) hold tremendous potential to 
accelerate the genetic improvement of crops for enhanced drought avoidance and 
sustainable production of food and bioenergy on marginal lands’ (Yang et al., 2017c). An 
example of a search identifying a drought sensitive species would be the query for Gnetum 
montanum with the resulting text reporting ‘Extant species of Gnetum are unusual among 
gymnosperms in being restricted to warm, mesic habitats’ (Wan et al., 2018a). Species 
were said to be undefined if a drought term could not be clearly associated with a particular 
species in a paper in the literature. Additionally species were said to be undefined if there 
had been no attempts to characterise their response to drought. For the cultivation status, 
plant were defined as wild, cultured or cultivated. These were defined based on evidence 




Drought status Source Cultivation 
Galdieria 
sulphuraria 
















































































































Volvox carteri vcar Drought 
adaptation 
(Jaenicke et al., 1982) Cultured 
Chlamydomonas 
reinhardtii 




























(Li et al., 2017b) Wild 
Selaginella 
moellendorffii 





Ginkgo biloba gbil Drought 
adaptation 
(Shan-An et al., 1997) Wild 
Picea abies  pabi Drought 
adaptation 
(Kohler et al., 2010) Cultivated 
Gnetum 
montanum 
gmon Drought sensitive (Wan et al., 2018a) Wild 
Amborella 
trichopoda 





spol Drought sensitive (Cheng, 2011) Wild 
Zostera marina zmar Drought sensitive (Leuschner et al., 
2017) 
Wild 



































(Murugesan et al., 
2017) 
Cultivated 
Cocos nucifera cnus Drought 
adaptation 





(Ming et al., 2015) Cultivated 
Oryza 
brachyantha 





















Oryza rufipogon oruf Drought 
adaptation 





(Vaughan et al., 2003) Wild 









(Bimpong et al., 2011) Cultivated 







osai Drought sensitive (Wei et al., 2016) Cultivated 
Oryza sativa 
Japonica 
osaj Drought sensitive (Wei et al., 2016) Cultivated 














(Bertolini et al., 2013) Cultivated 
Hordeum 
vulgare 

















taes Drought sensitive (He et al., 2009) Cultivated 
Triticum 
turgidum 





Lolium perenne lpee Drought 
adaptation 
(Cheplick et al., 2000) Cultivated 
Echinochloa 
crus-galli 









Setaria italica sita Drought 
adaptation 
(Li et al., 2014a) Cultivated 
Zea mays zmay Drought sensitive (Agrama et al., 1996) Cultivated 
Sorghum bicolor sbic Drought 
adaptation 
(Abdel-Ghany et al., 
2020) 
Cultivated 
Eragrostis tef etef Drought 
adaptation 
(Degu et al., 2008) Cultivated 
Zoysia japonica zjap Drought 
adaptation 
(Patton et al., 2017) Cultivated 
Zoysia matrella zmat Drought 
adaptation 
(Ntoulas et al., 2012) Cultivated 
Zoysia pacifica zpac Drought 
adaptation 





(Vanburen et al., 
2015) 
Wild 
Musa itinerans miti Drought 
adaptation 
(Wu et al., 2018a; 
Kew Science, 2020b) 
Wild 
Musa balbisiana mbal Drought 
adaptation 
(Nansamba et al., 
2020) 
Wild 









(Wilts et al., 2018) Cultivated 
Macleaya 
cordata 





















(Zhang et al., 2019b) Wild 
Vitis vinifera vvin Drought 
adaptation 







(Jensen et al., 1990; 










(Guimarães et al., 
2012) 
Wild 
Arachis ipaensis aipa Drought 
adaptation 
(Azevedo Neto et al., 
2010) 
Wild 
Cajanus cajan  ccaj Drought 
adaptation 







(Cortés et al., 2013) Cultivated 
Phaseolus 
vulgaris 





Vigna radiata vrad Drought 
adaptation 
(Iseki et al., 2018) Cultivated 
Glycine max gmax Drought sensitive (Wang et al., 2017a) Cultivated 
Glycine soja  gsoj Drought 
adaptation 
(Ji et al., 2010) Cultivated 
Cicer arietinum cari Drought 
adaptation 





































(Cao et al., 2018) Cultivated 
Pyrus communis pcom Drought 
adaptation 
(Paudel et al., 2019) Cultivated 





Ziziphus jujuba zjuj Drought 
adaptation 



















(Cao et al., 2017) Cultivated 





(Mashilo et al., 2017) Cultivated 
Cucumis melo cmel Drought 
adaptation 
(Kusvuran, 2012) Cultivated 










(Yang et al., 2017b) Wild 
Linum 
usitatissimum 
lusi Drought sensitive (Dash et al., 2014) Cultivated 
Jatropha curcas jcur Drought 
adaptation 












(Kew Science, 2020a; 

















Punica granatum  pgra Drought 
adaptation 
(Catola et al., 2016) Cultivated 
Eucalyptus 
grandis 




















(Newton et al., 1989) Wild 
Citrus 
clementina 









































(Griffith et al., 2007) Wild 



























































tcac Drought sensitive (Bae et al., 2008) Cultivated 
Corchorus 
capsularis 





(Yang et al., 2017d) Cultivated 







(Maqbool et al., 2009) Cultivated 
Gossypium 
hirsutum 
ghir Drought sensitive (Li et al., 2017a) Cultivated 
Gossypium 
raimondii 
grai Drought sensitive (Chen et al., 2013b) Cultivated 
Fagopyrum 
esculentum 





(Wan et al., 2015) Cultivated 
Beta vulgaris bvul Drought sensitive (Pidgeon et al., 2006) Cultivated 
Spinacia 
oleracea  












(Sunil et al., 2014) Cultivated 
Camptotheca 
acuminata 







csie Drought sensitive (Liu et al., 2016) Cultivated 
Actinidia 
chinensis 
achi Drought sensitive (Mills et al., 2009) Cultivated 
Lactuca sativa lsat Drought sensitive (Kizil et al., 2012) Cultivated 
Erigeron 
breviscapus 

































(Tezara et al., 2011; 






(Dobrowolska et al., 
2011) 
Wild 
Olea europaea oeur Drought 
adaptation 





(Xiao et al., 2015) Wild 





(Golestani et al., 







(Dombroski et al., 
2014) 
Wild 


































(Su et al., 2017) Wild 
Nicotiana 
sylvestris  






























(Egea et al., 2018) Wild 
Solanum 
pimpinellifolium 







stub Drought sensitive (Boguszewska-







(Sahitya et al., 2019) Cultivated 
Capiscum 
baccatum 































Appendix 5: related to work in Chapter 5 
Appendix 5.1: Schematic representation of T-DNA insertions for all loss of function 
mutants. Black bars represents exons whilst the black line represent introns. The white 
boxes represent the translational start and stop regions. The white triangle represents the 
T-DNA insert and the arrow highlights the direction of the insert. Information about gene 
models and tDNA inserts sourced from The Arabidopsis Information Resource (Berardini 
et al., 2015). For each A. thaliana gene, the HG it corresponds with is in brackets and two 










Figure S8.24. Schematic diagram demonstrating the location of the T-DNA insertion 









Figure S8.25. Schematic diagram demonstrating the location of the T-DNA insertion 



















Figure S8.26. Schematic diagram demonstrating the location of the T-DNA insertion 










Figure S8.27. Schematic diagram demonstrating the location of the T-DNA insertion 









Figure S8.28. Schematic diagram demonstrating the location of the T-DNA insertion 




















Figure S8.29. Schematic diagram demonstrating the location of the T-DNA insertion 








Figure S8.30. Schematic diagram demonstrating the location of the T-DNA insertion 










Figure S8.31. Schematic diagram demonstrating the location of the T-DNA insertion 






















Figure S8.32. Schematic diagram demonstrating the location of the T-DNA insertion 



























Appendix 5.2: Gel confirmation of tDNA mutant lines for all mutants used in the 
preliminary drought experiment described in 5.47 (N529679 (At5g25100), N546014 
(At5g48890), N572453 (At1g10460), N593165 (At4g16530), N633489 (At4g16515)). For 
each tDNA mutant line, multiple plants were grown and confirmed. This is denoted by the 
letter after the line ID (e.g. N633489A). For each mutant lines, three primer combinations 
were run. 1: Left border and gene specific forward primer, 2: Left border and gene specific 
reverse primer and 3: Gene specific forward and reverse primers. For gene specific 










Figure S8.33. Example PCR of successful confirmation of a mutant line (A) and wild 
type A. thaliana.  
1      2      3       L 1      2      3     







Figure S8.34. PCR for mutant line N633489 associated with At4g16515. Plants C, D 









Figure S8.35. PCR for mutant line N572453 associated with At1g10460 for plants A-
F (A) and G-K (B). Plants A and D were identified as homozygous mutants and 
chosen for analysis.  
A     






Figure S8.36. PCR for mutant line N546014 associated with At5g48890 for plants A-




















Figure S8.37. PCR for mutant line N633489 associated with At1g146515 for plants A 
and mutant line N539673 associated with At5g25100. Plants N539673 C and D were 




















Figure S8.38. PCR for mutant line N529679 associated with AT5G25100 for plants A 
and mutant line N818436 associated with AT5G48890. Plants N529679 A and 


















Figure S8.39. Schematic representation of the gene constructs for expression in A. 
thaliana. ATTL1 and ATTL2 sites were inserted for recombination during gateway 
cloning. The candidate drought gene is in between these two sites. The HG that each 
candidate gene relates to is placed in the ID (e.g. 72_Tp4g06700 is found in HG_72). 














Appendix 6: Supplementary data 
Appendix 6.1 Supplementary Data for Chapter 2 
Supplementary Data 2.1. Genomes used in this study, species code, BUSCO scores and 
phylogenetic relationships of species. Related to Methods: Compiling genomic dataset. 
Supplementary Data 2.2. Number of each evolutionary distinct class of Homology Groups. 
Related to Methods: Phylogenetically Aware Parsing Script. 
Supplementary Data 2.3. Assessing impact of altering granularity score. Related to 
Methods: Homology assignment. A) Comparison with Catarino et al. Green bars indicate 
the origin of transcription factors identified in Catarino et al. For each granularity score 
(1.2, 2, 4, 6), an output was created. The values in brackets indicates the number of HGs 
for each transcription factor. B) Comparison with Banks et al. Analysis conducted using 
criteria specified in Banks et al for each granularity score. 
Supplementary Data 2.4. GO analysis of Homology Groups. Related to Methods: 
Functional annotation A) Analysis for Novel Core HGs B) Analysis of Novel HGs C) 
Analysis of Ancestral HGs D) Analysis of Ancestral Core HGs E) Analysis of Lost HGs GO 
analysis. For GO analysis, Arabidopsis thaliana was used as an extant representative to 
assign biological functions. For Monocot, Brachypodium distachyon (core novelties) and 
Oryza sativa (novelties) genes were used to assign functions.  
Supplementary Data 2.5. BLASTP of Novel Core HGs to validate their identification. 
Related to Methods: Novel Core HG validation. 
Supplementary Data 2.6. GO analysis of HGT HGs. Related to Methods: Inferring 
Horizontal Gene Transfer. 
Supplementary Data 2.7. Function of all Novel Core HGs with sources. Related to 





Supplementary Data 2.8. BLASTP of protein coding genes of the genome of the 
charophyte, Chara braunii and first two fern genomes, Azolla filiculoides and Salvinia 
cucullata. Related to Methods: Novel Core HG validation.  
Supplementary Data 2.9. Processed data for 208 eukaryote genomes from this thesis 
including BLASTP output, MCL analysis and all Homology Groups. Additionally included 
in this folder are the scripts used to reproduce the results presented in this chapter. 
Appendix 6.2 Supplementary Data for Chapter 3 
Supplementary Data 3.1. Occupancy of genes linked to roots, vascular tissue and stomata 
across all species within the genomic dataset. 
Supplementary Data 3.2. Protein sequences, trimmed alignments and treefiles for all 
genes in the study. 
Supplementary Data 3.3. Outputs from blast queries against two fern genomes to confirm 
presence or absence in the LCA of Euphyllophyta. 
Appendix 6.3 Supplementary Data for Chapter 4 
Supplementary Data 4.1. Sequence data used to build species tree. 
Supplementary Data 4.2. Newick file of the species tree used for Bayesian approach to 
ancestral state reconstruction. 
Appendix 6.4. Supplementary Data for Chapter 5 
Supplementary Data 5.1. Pipeline script used to query the genomic dataset in relation to 
the occupancy of drought adaptations. 
Supplementary Data 5.2. Gene occupancy for each queries of the genomic dataset, 





Supplementary Data 5.3. Gene occupancy for each queries of the genomic dataset, after 
specifying presence in the drought tolerant Thellungiella parvula and absence in the 
drought sensitive Arabidopsis thaliana (50 HGs). 
Supplementary Data 5.4. Protein domain analysis for 50 HGs. 
Supplementary Data 5.5. 42 genes of HG 72 and syntenic blocks of genes in A. thaliana. 
 
